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Abstract 
Agro-ecosystems, particularly croplands currently constitute 12.6% of the total land area and 
their coverage is expanding due to the ongoing massive conversion of natural ecosystems into 
agricultural land, globally. Information regarding how these changes are influencing 
terrestrial carbon (C) balance is limited. Our current knowledge of CO2 fluxes and annual C 
budgets of the resulting croplands originate from extensive monocultural, agricultural 
landscapes. In most parts of the world, e.g. in Asia however, the agricultural landscapes are 
characterized by complex, multicultural cropping systems that demand novel approaches to 
quantify C balances of such croplands due to the challenges associated with the 
predominantly used CO2 measurement techniques. The use of portable chambers in this study, 
allowed direct measurements of net ecosystem exchange (NEE) of CO2, ecosystem respiration 
(Reco) and the evaluation of gross primary productivity (GPP) at small spatial scales (plot 
level), making it possible to key out functional differences of the 5 dominant crops (rice, 
potato, radish, cabbage and bean) in the Haean catchment of South Korea, which is a model 
Asian agricultural landscape. 
In this multicultural agroecosystem, minimum peak Reco rate during the growing season was 
3.8 ± 0.5 µmol m-2 s-1, measured in the rice paddies while the highest was 34.4 ± 4.3 µmol m-2 
s-1 measured in the cabbage fields. The highest peak NEE and GPP rates were -38.7 ± 6.6 and 
63.0 ± 7.2 µmol m-2 s-1, respectively, recorded in the cabbage fields. Parallel measurements 
conducted on the crops reported peak total biomasses of 0.53 ± 0.07, 0.55 ± 0.12, 1.85 ± 0.51, 
2.54 ± 0.35 and 1.01 ± 0.26 kg m-2 for radish, cabbage, potato, rice and bean respectively, 
while the respective maximum leaf area indices (LAI) were 2.8, 3.7, 6.4, 6.3 and 6.7 m2 m-2. 
The pattern and magnitudes of biomass and LAI development differed among the major crops 
likely as a result of differences in planting time, light use efficiencies (α) and carbon 
allocation patterns. Variations in seasonal patterns, magnitudes and the timing of maximum 
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NEE and GPP among the crops were the result of differences in LAI and α, while 
photosynthetic active radiation (PAR) explained more than 90% of the diurnal variations in 
GPP. 
The crop production system also influenced C storage by an agroecosystem. For example, the 
maximum LAI attained under rainfed rice (RF) agriculture was 4.9 ± 0.5 m2 m-2 compared to 
5.4 ± 1.1 m2 m-2 in the conventional paddy rice (PR) production system. The respective peak 
total aboveground biomasses were 2.16 ± 0.28 and 1.85 ± 0.27 kg m-2 while the corresponding 
grain weights were 1.16 ± 0.09 and 1.19 ± 0.10 kg m-2, amounting to total yields of 6.61 ± 
0.22 and 5.99 ± 0.68 t/ha-1 for PR and RF, respectively. As long as there was no water stress, 
patterns of CO2 uptake and LAI development were similar between flooded and rainfed rice, 
suggesting that rice production may not be pegged on flooding per se. Paddy system, 
however, was less efficient in nutrient use. For example, when we applied similar nitrogen 
(N) amounts to rainfed and paddy rice fields, the rainfed rice showed higher leaf N content. 
Reasons for such differences were however, not clear. Overall, N input significantly 
influenced plant productivity, LAI development, C partitioning and leaf- and ecosystem level 
CO2 exchange. In rice, nutrient addition stimulated plant growth by a head start and an early 
burst in leaf area. An N−input of 115 kg N ha-1 increased aboveground biomass by 56%. This 
was also reflected in the grain yield, which increased by 58%. Fertilized rice developed higher 
proportion of leaves in the upper layers, increasing light interception and light use efficiency. 
Since LAI controlled GPP, the overall result was an increased CO2 uptake as a result of 
higher N-input.  
The study demonstrated that the active period of atmospheric C uptake is extended in 
multicultural, agroecosystem landscape due to the staggered timing of maximum CO2 uptake 
among crops, thus offering an ecological advantage by prolonging the period of high CO2 
uptake. Flooding agriculture (paddy) offered no economic advantage as long as soil moisture 
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was not limiting, since similar yields were recorded. The fact that paddy rice had lower leaf N 
than rainfed rice suggests that some of the N in PR might have been lost into the atmosphere 
or seeped underground. Thus water logged cropping system could be a source of 
environmental pollution. Increased N-availability promoted productivity by an accelerated 
canopy development and increased LAI, enabling higher PAR absorption throughout the 
season.  
In general, increasing respiration losses (CO2) alongside high productivity and significant 
CO2 emissions during the fallow season could nevertheless result in a long-term net C release 
and, therefore, lower the carbon mitigation potential of croplands. Although N-fertilization 
increased productivity and carbon gain capacity, an N surplus can lead to negative 
environmental impacts through surface and groundwater pollution.  
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Zusammenfassung 
Agrarökosysteme, insbesondere Feldkulturflächen bedecken derzeit 12,6% der gesamten 
weltweiten Landfläche und unterliegen derzeit einer fortlaufenden Ausbreitung auf Kosten 
einer massiven Umwandlung natürlicher Ökosystemen in Ackerland. 
Informationen über den Einfluss dieser Änderungen auf die global-terrestrische 
Kohlenstoff−(C)−Bilanz sind weiterhin begrenzt. Unsere bisherigen Kenntnisse über 
CO2−Flüsse und jährlichen Kohlenstoffbudgets der entstandenen Kulturflächen stammen von 
großflächigen, monokulturell bewirtschafteten Agrarflächen. Der Großteil der 
agrarwirtschaftlich genutzten Flächen auf der Erde, zum Beispiel in Asien, sind jedoch 
charakterisiert durch komplexe, multikulturelle landwirtschaftliche Systeme und es bedarf 
differenzierter Methoden, um die Kohlenstoffbilanzen solcher Kulturflächen zu 
quantifizieren. Die in der vorliegenden Studie verwendeten mobilen Messkammern erlaubten 
eine direkte Messung des Netto-Ökosystemaustausches (NEE) von CO2, der 
Ökosystemrespiration (Reco) und die Berechnung der Bruttoprimärproduktion (GPP) von 
kleinen Arealen (Plot-Flächen), um funktionelle Unterschiede der fünf dominanten 
Nutzpflanzen (Reis, Kartoffel, Rettich, Kohl und Bohne) im Haean-Gebiet in Süd-Korea, 
repräsentativ für asiatische Agrarlandschaften, zu ermitteln.  
In diesem multikulturellen Agrarökosystem, wurde die geringste maximale 
Ökosystemrespirations-Rate während der Wachstumsperiode mit 3,8 ± 0,5 µmol m-2 s-1 in 
Nassreis und die maximale Reco-Rate von 34,4 ± 4,3 µmol m-2 s-1 in Kohlfeldern gemessen. 
Die höchsten maximalen NEE und GPP-Raten wurden mit -38,7 ± 6,6 und 63,0 ± 7,2 µmol 
m-2 s-1 in Kohlfeldern ermittelt. Die parallelen Messungen des maximalen Blattflächenindexes 
(LAIs) ergaben für Rettich, Kohl, Kartoffel, Reis und Bohne entsprechend 2,8; 3,7; 6,4; 6,3 
und 6,7 m2 m-2. Die Verteilung und Größe der Biomasse sowie die Blattflächenentwicklung 
unterschieden sich zwischen den Nutzpflanzen hauptsächlich aufgrund unterschiedlicher 
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Pflanzzeiten, Lichtnutzungseffizienzen (α) und Kohlenstoffallokationen. Schwankungen in 
der saisonalen Verteilung, Betrag und Zeitpunkt des Auftretens des maximalen NEE und GPP 
zwischen den Nutzpflanzen waren das Resultat unterschiedlicher LAI und α, wohingegen die 
photosynthetisch aktive Strahlung (PAR) mehr als 90% der täglichen Schwankungen der GPP 
erklärten.  
Das landwirtschaftliche Anbausystem beeinflusste ebenfalls die pflanzliche 
Kohlenstoffspeicherung. Zum Beispiel war der maximale LAI von Trockenreis (RF) bei 
ausschließlicher Bewässerung durch Niederschläge 4,9 ± 0,5 m2 m-2, im Vergleich zu 
5,4 ± 1,1 m2 m-2 in konventioneller Nassreis-Kultivierung (PR). Die maximale oberirdische 
Biomasse (Trockengewicht) betrug 2,16 ± 0,28 und 1,85 ± 0,27 kg m-2, wohingegen das 
Korngewicht 1,16 ± 0,09 und 1,19 ± 0,10 kg m-2 bei einem Gesamtertrag von 6,61 ± 0,22 und 
5,99 ± 0,68 t/ha-1, entsprechend für PR und RF, betrug. Die CO2-Aufnahme und die 
Entwicklung des LAI zeigte zwischen PR und RF einen ähnlichen Verlauf bei angemessener 
Wasserversorgung; dadurch wurde der Reisanbau nicht nur auf geflutete Felder beschränkt. 
Es wurde jedoch durch die Flutung des agrarwirtschaftlichen Systems, im untersuchten 
Beispiel bei Nassreis eine verringerte Stickstoff-(N)-Nutzung sichtbar. So wurden in unserem 
Versuch die gleiche Menge an Stickstoffdünger im RF und PR Feld ausgebracht, wobei der 
Trockenreis letztendlich einen höheren Blattstickstoffgehalt zeigte. Ein klarer Grund für 
diesen Unterschied konnte jedoch in dieser Studie nicht festgestellt werden. Insgesamt 
beeinflusste allerdings eine erhöhte Stickstoffzugabe die Produktivität der Nutzpflanzen, die 
Blattflächenentwicklung, Kohlenstoffallokation und den Blatt- und Ökosystem- 
CO2−Gaswechsel. Das Wachstum von Reis wurde durch die Nährstoffzugabe gefördert, 
insbesondere durch eine frühere und stärkere Entwicklung der Blattfläche. Eine 
Stickstoffzugabe von 115 kg N ha-1 erhöhte die oberirdische Biomasse um 56%. Zugleich 
ergab sich eine von 58%. Gedüngter Reis entwickelte einen höheren Anteil an Blättern in den 
oberen Bestandsschichten und zeigte eine erhöhte Strahlungsaufnahme und 
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Lichtnutzungseffizienz. Da die GPP stark abhängig vom LAI war, ergab sich letztendlich eine 
erhöhte CO2-Aufnahme als Folge der gesteigerten Stickstoffzugabe.  
Diese Studie demonstrierte, dass der Zeitraum für eine aktive Aufnahme an atmosphärischem 
Kohlenstoff in einer multikulturellen Agrarlandschaft durch ein Aufeinanderfolgen der 
Perioden mit maximaler CO2-Aufnahme der entsprechenden Nutzpflanzen verlängert wurde 
und bietet daher einen ökologischen Vorteil durch einen verlängerten Zeitraum mit hoher 
CO2-Aufnahme.  
Nassreiskultivierung in Feldern mit gefluteten Böden zeigte keinen ökonomischen Vorteil 
gegenüber dem Trockenreisanbau, solange die Bodenfeuchte keinen limitierenden Einfluss 
hatte, da sich die Erträge in beiden Systemen (PR und RF) wenig unterschieden. Der Nassreis 
entwickelte jedoch im Vergleich zum Trockenreis einen geringeren Stickstoffgehalt in den 
Blättern und weist daher auf einen Verlust von N in die Atmosphäre oder den Boden hin. 
Daher können geflutete Agrarökosysteme eine Ursache für Umweltverschmutzung darstellen. 
Die erhöhte Stickstoffversorgung begünstigte die Produktivität durch eine beschleunigte 
Entwicklung des Bestandes und Bildung eines höheren LAI, wodurch eine größere 
Lichtabsorption während der gesamten Vegetationsperiode ermöglicht wurde.  
Allgemein lässt sich sagen, dass gesteigerte respiratorische Verluste (CO2) bei erhöhter 
Produktivität und signifikanter CO2-Emissionen während der Brache jedoch das Kohlenstoff-
Minderungspotenzial von landwirtschaftlichen Flächen verringern könnten. Zwar steigert die 
Stickstoffdüngung die Produktivität und Kohlenstoffaufnahmekapazität, ein 
Stickstoffüberschuss führt jedoch zu negativen Einflüssen auf die Umwelt durch Oberflächen- 
und Grundwasserverschmutzung. 
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Chapter 1 
1. Synopsis 
1.1. General introduction 
1.1.1. Agroecosystems of the world  
 
Evidence of agricultural activities can be traced back to 12000 years ago (Barker, 2006). 
Since then, cultivation of plants and domestication of animals replaced hunting and gathering 
as core means of feeding human population around the globe. The shift from foraging to 
agriculture, also known as the Neolithic revolution, became fully developed by 3000 B.C. 
(Usha Rao and Pandey, 2007). Neolithic revolution occurred simultaneously in China, India, 
Indochina, Central Asia, Near East, Mediterranean, Ethiopia, Mesoamerica and northeastern 
South America (Vavilov and Freier, 1951), although indications are that the diverse 
vegetation of South East Asia was most ideal for the evolution of agriculture (Usha Rao and 
Pandey, 2007). The development and expansion of agriculture to produce food, fiber etc. was 
characterized by the conversion of natural ecological systems to agricultural ecosystems 
(agroecosystems) (Conway, 1987). Today, wheat, corn and rice provide more than 60% of the 
world’s calories, replacing about 53, 43, 31, and 21% of Asian, Africa, American and 
European land masses, respectively, that were formally natural ecosystems and accounting for 
38% of the total lost natural ecosystems globally (FAOSTAT, 2015). This shift from natural 
to agricultural ecosystems has radically transformed the natural landscapes, since it involved 
the replacement of natural vegetation by crops that have different growth cycles and 
functions.  
Agricultural development has had significant impacts on the global climate as a result of the 
increased emission of carbon dioxide (CO2) and other greenhouse gases into the atmosphere. 
The emitted greenhouse gasses trap heat within the atmosphere causing climate warming (so 
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called “greenhouse effect”), with the highest climate forcing potential of 57% coming from 
CO2 (Johnson et al., 2007). The global expansion of the agroecosystems during the Agrarian 
revolution has been singled out as one of the main contributors to the sharp rise in the 
atmospheric CO2 concentrations between 14th and 19th Centuries (Thirsk, 1997) and whose 
impacts are still being felt to date as exemplified in the sharp rise in the atmospheric CO2 
concentrations (Monnin et al., 2001). For example, the pre-industrial levels of atmospheric 
CO2 concentration were estimated at around 280 ppm (IPCC, 2001), but this has since risen to 
the current concentration of 380-400 ppm, surpassing the 370 ppm reported in 2001 (Keeling 
and Whorf, 2004). It is estimated that between 1850 and 1990 alone, approximately 123 Pg of 
carbon was released into the atmosphere in the form of CO2 as a result of agricultural land use 
(Bonan, 2002). This has been mainly due to high losses of soil carbon through soil respiration 
(Béziat et al., 2009). Future predictions show that atmospheric CO2 concentrations may reach 
500 ppm by the end of the 21st Century (IPCC, 1996).  
Significant progress has been made in the monitoring of changes in the atmospheric CO2 
concentrations. Today, the ecosystem CO2 fluxes are measured in more than four hundred 
research locations around the globe (Baldocchi, 2008) linked to AmeriFlux and Fluxnet-
Canada (Law, 2005; Coursolle et al., 2006) networks in North America, the Biosphere 
Amazon (LBA) in South America (Keller et al., 2004), the EuroFlux and CarboEurope 
networks in Europe (Valentini et al., 2000; Ciais et al., 2005), OzFlux in Australasia, China 
Flux (Yu et al., 2006) and AsiaFlux in Asia (Saigusa et al., 2005) and AfriFlux in Africa 
(Williams et al, 2007). These measurements show that ecosystems gaining the most carbon 
(negative sign) tend to be evergreen forests, which have all year-round growing seasons and 
small pools of decomposing detritus in the soil. For example, the net carbon fluxes over 
subtropical evergreen mixed forest were in the range of -441.2 and -563.0 gC·m-2·y-1 
(Chunlin et al., 2006). Net carbon fluxes at a successional forest of maple and aspen at Camp 
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Borden in southern Ontario, Canada, are on the order of -100 to -280 gC m-2 y-1 (Lee et al., 
1999), while mature sites in Canada covered with aspen were in the range of -139 to -361 gC 
m-2 y-1, jack pine stands reached 23 to – 41 gC m-2 y-1 and black spruce sites -21 to -68 gC m-2 
y-1 (Amiro et al., 2006). The net carbon fluxes over much of the United States and Europe 
forests range between 146 and -757 gC m-2 y-1 (Falge et al., 2002), while for the cool-
temperate deciduous forest in Japan, the rates range from -237 to -309 gC m-2 y-1 (Saigusa et 
al., 2005).  
While knowledge on the contribution of natural ecosystems to the global C-budget has 
significantly grown (Falge et al., 2002; Kato et al., 2008), there is still need for increased 
quantitative research to establish the contributions of agroecosystems to the global C-budget. 
Although croplands are able to fix large amounts of CO2 annually through photosynthesis, 
most of the fixed carbon is likely released in 1 to 2 years following harvest and subsequent 
decomposition or consumption (West et al., 2011), but the proportions are not known. 
Previous studies assessing C-fluxes and C-budget of agroecosystems are from extensive 
monocultural agricultural landscapes of maize and soybean in North America (Pattey et al., 
2002; Suyker et al., 2004; Baker and Griffis, 2005; Bernacchi et al., 2005; Hollinger et al., 
2005; Suyker et al., 2005; Verma et al., 2005), rice in Asia (Miyata et al., 2000; Campbell, 
2001A; Saito et al., 2005, Alberto et al., 2007), sugar beet in Belgium (Moureaux et al., 2006, 
Aubinet et al., 2009), winter wheat and triticale in Germany (Baldocchi, 1994; Ammann et 
al., 1996; Anthoni et al., 2004; Moureaux et al., 2008; Béziat et al., 2009), and sunflower, 
rapeseed or maize in south-west France (Béziat et al., 2009). Efforts to quantify CO2 
exchange of the natural and agroecosystems have widely relied on the eddy covariance (EC) 
technique (Aubinet et al., 2000; Wohlfahrt et al., 2005; Pavelka et al., 2007), which applies 
best in open habitats (from hundreds of m2 to km2) where fluxes are related to clearly defined 
vegetation types (footprint), such as in monocultural, agricultural landscapes. Little is 
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however known about multicultural agricultural landscapes (Soegaard et al., 2003; Béziat et 
al., 2009; Zhao et al., 2012), especially the patchy landscapes (Mack et al., 1990; Schmid, 
2002; Göckede, et al. 2004; Rebmann et al., 2005), due to the challenges that characterize this 
CO2 quantification technique. Fragmented agroecosystems are, however, widespread in some 
parts of the world e.g. in Asia and Africa, where they dominate and cannot be overlooked. 
The main objective in most CO2 flux studies in croplands has been to upscale the actual field 
measurements to landscape (Soegaard et al., 2003) or regional (Migletta et al., 2007) scales, 
however, flux measurements in complex topographies or patchy vegetation using the EC 
methodology is biased and likely to be inaccurate (Baldocchi, 2008).  
 
1.1.2. Agroecosystems in Asia 
In Asia, the agricultural landscape is characterized by patchy, multicultural cropping systems 
co-dominated by rice paddies and dryland crops. South Korea, for example, has a rugged 
terrain, with fragmented agricultural landscape characterized by small plots grown with 
multicultural crops that have different timing and functions. About 70% of the country is 
mountainous, with elevations of up to 2000 m a.s.l. separated by deep and narrow valleys. 
Rice paddies are found in the valley bottom, where flooding is possible, while dryland crops 
grow on the slopes mainly through rainfed agriculture. These cultivation systems (flooding vs 
rainfed production) and also the different crop types are likely to influence patterns of CO2 
exchange within the agricultural landscape. In such heterogeneous landscapes, therefore, 
noble approaches are required that can improve the accuracy of C-budgeting of the 
agroecosystems (Sheehy and Mitchell, 2013).  
 
In South Korea, agricultural intensification due to the rising food demands (Cassman, 1999) 
has also been associated with increased nitrogen (N) fertilizer use (Frink et al., 1999; Bashkin 
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et al., 2002). With its current N application rate of 313 kg N ha−1 year−1, South Korea stands 
as a global leader in N input (Kim et al., 2008). Most of the applied N is, however, leached 
away during the heavy monsoonal rainfall, with negative environmental impacts such as 
surface and groundwater pollution (Kettering et al., 2012; Bartsch et al., 2013). On the other 
hand, N-nutrition in agricultural crops potentially increases LAI development and radiation 
interception by the vegetation. In most crops, N-concentration is curvilinearly correlated with 
canopy CO2 assimilation (Evans, 1989; Weerakoon et al., 2000). Increase N-input results in 
increased leaf growth, chlorophyll formation and amount of Ribulose 1-5 Bisphosphate 
Carboxylase/Oxygenase (Rubisco) enzyme (Ookawa et al., 2004). Positive linear relationship 
between the amount of Rubisco and the N concentration in mature leaves is demonstrated 
through increased light use efficiencies in the vegetation, which eventually results in higher 
light-saturated photosynthetic rate (A) (Makino et al., 1997). The efficiency with which plants 
acquire resources (e.g. nitrogen uptake and radiation absorption) and resource conversion into 
biomass and yield are a measure of plant productivity (Kato et al., 2006A). 
 
In this study, we addressed challenges associated with measuring CO2 fluxes of 
agroecosystems in Asia, typically characterized by a rugged terrain and a multicultural 
agricultural landscape, using portable ecosystem CO2 measurement chambers (Chapter 2) in 
order to identify key drivers regulating CO2 fluxes and biomass production of agricultural 
crops. Measurements of net ecosystem CO2 exchange (NEE), ecosystem respiration (Reco) 
and gross primary productivity (GPP) were done at small spatial scales (plot level), making it 
possible to key out functional differences within the heterogeneous cropping landscape in the 
Haean-myeon catchment, which is a representative of the South Korean agricultural 
landscape. In the third chapter, a new rice cultivar (Oryza sativa L. subsp. Japonica cv. 
Unkwang) was cropped in a typical East Asia monsoonal climate as rainfed and conventional 
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paddy production system in order to assess the effects of the two dominant crop production 
practices (flooding vs. rainfed) on crop productivity, leaf and ecosystem-level CO2 exchange 
and nutrient utilization. Chapter four addresses the role of N-input on plant structural and 
physiological adjustments related to carbon gain and productivity.  
 
1.1.3. Study Hypotheses and Objectives 
The study was guided by the following general hypotheses: 
- CO2 exchange and productivity of the multicultural agroecosystems are a function of 
climate, leaf area and N-nutrient supply. 
- Nitrogen fertilization leads to an increased canopy leaf area, alters nitrogen investments, and 
induces changes in leaf gas exchange and biomass production. 
- Growing season CO2 uptake of the agroecosystems is determined by the duration and 
magnitude of green Leaf Area Index (LAI) and resource use efficiency. 
 
The main research objectives were: 
Objective 1: To determine drivers of seasonality and magnitudes of CO2 exchange and 
productivity of the main agricultural crops in South Korea (Study 1) 
Mixed multicultural cropping in a heterogeneous landscape complicates the estimation of 
agroecosystem CO2 exchange and its drivers. Current knowledge of CO2 fluxes and annual C 
budgets of croplands originates mostly from measurements conducted on extensive 
monocultural agricultural landscapes (Suyker et al., 2004; Moureaux et al., 2008; Hoyaux et 
al., 2008). Information regarding mixed croplands, particularly the type that exists in the 
Asian agricultural landscapes, is still scarce. Due to the overlapping production phases caused 
by varied timing and growing lengths of different crops, the quantification of CO2 fluxes and 
the contribution of respective crops require that each crop type is assessed independently. The 
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widely accepted EC technique mostly applies in open habitats, with clearly defined footprints 
(Aubinet et al., 2000; Wohlfahrt et al., 2005; Pavelka et al., 2007). Its application in 
multicultural, agricultural landscapes is therefore limited, since it is difficult to discern 
between the respective crops (Zhao et al., 2012). We employed the portable chamber method 
to determine the seasonal patterns and magnitudes of CO2 exchange and productivity of the 
five dominant crop types grown together in a heterogeneous agricultural landscape in South 
Korea.  
The specific objectives were to: 
- Determine the seasonal patterns and magnitudes of CO2 exchange and productivity of the 
five main crop types grown in the multi-cultural South Korean agricultural landscape. 
- Identify key drivers regulating CO2 fluxes and biomass production and how the intensity of 
regulation relates to C-storage in the fragmented agricultural landscape in the Haean 
catchment. 
 
The specific hypothesis guiding this study was that: 
- Differences in timing and magnitudes of GPP and Reco among crops lead to a high spatial 
variability in CO2 exchange and C-storage in a typical multicultural East Asian agricultural 
system. 
 
Objective 2: To quantify the impacts of different cultivation approaches on rice productivity 
(Study 2) 
Canopy photosynthesis rate determines the carbon uptake throughout the day, but the C-
balance that is used in growth is the balance between photosynthesis and respiration. While 
respiration remains relatively constant most of the day, higher daily canopy assimilation rates 
increase the amount of carbohydrates available for growth, resulting in a long-term increased 
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biomass production and yield (Monteith and Moss, 1977). Although recent research indicated 
that paddy rice planted in rainfed fields can develop comparable or even higher aboveground 
biomasses in years with adequate rainfall during the growing season (Katsura et al., 2010), 
yield reductions of 10-40% (Tuong and Bouman, 2001) can occur under aerobic soil 
conditions. Paddy soils are submerged for much of the growing season and therefor differs 
from that of many other crops due to the induces changes in micro-environmental conditions 
when compared to other terrestrial ecosystems (Zaho, et al., 2008; Alberto et al., 2013). In 
this study, measurements of seasonal trends of canopy CO2 exchange, leaf area development 
and biomass C-partitioning were conducted throughout a growing season in a paddy and 
rainfed Unkwang rice field to compare the carbon uptake capacity and productivity in both 
environments. The cultivation of Unkwang rice in a rainfed environment rather then in a 
conventional paddy system may limit production or shifts the demands of carbohydrates due 
to an expected increased development of the root system. Previous studies were conducted to 
compare the canopy and ecosystem gas exchange of paddy and rainfed rice (Miyata et al., 
2000; Alberto et al., 2009), nevertheless, measurements from temperate monsoon regions are 
still rarely reported. 
 
The specific objective was: 
- To determine how growing conditions influence canopy processes and yield of a rice 
cultivar grown under both rainfed and conventional paddy conditions. 
 
The specific hypothesis guiding this study was: 
- That under adequate soil moisture supply, the rice grown in a rainfed system maintains 
similar rates of CO2 uptake, C-allocation pattern and light use efficiency compared to that in a 
paddy system. 
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Objective 3: To determine the impact of fertilization on rice productivity (Study 3) 
Nitrogen (N) availability has been identified as one of the factors that determine productivity 
of the agro ecosystems (Weerakoon et al., 2000). Previous researches show that N-
fertilization results in an increased plant height and increased tillering (Koyama and 
Niamsrichand, 1973; Bandaogo et al., 2015), earlier and higher leaf area index development 
through increased number and leaf size and higher specific leaf area (Sinclair and Horie, 
1989, Gimenez et al., 1994), and a greater number of spikelets per panicle (Koyama et al., 
1973). Increased canopy development as a result of increased N-input enhances canopy 
photosynthetic capacity through provision of a large photosynthetic area for light interception 
(Kato et al., 2006A). Higher N-input also increases chlorophyll formation, thus facilitation 
the photosynthetic efficiency of the chloroplasts. As a result, CO2 uptake rate by the plants 
can be expressed as a function of the amount of light intercepted by the canopy (canopy size) 
and the light conversion efficiency (biochemical processes related to chlorophyll content) by 
which absorbed light is converted into chemical energy (Monteith, 1972). Light use 
efficiency (LUE) can change significantly with phenology of the crop (Gimenez et al., 1994; 
Alberto et al., 2013), influencing the capacity to assimilate carbon dioxide by a given crop 
species (Kiniry et al., 1989). In paddy rice, LUE ranges between 1.52 and 2.1 g C MJ-1 during 
elongation growth and from 0.73 to 1.22 g C MJ-1 at post-anthesis of spikelets formation 
(Campbell et al., 2001B). N fertilization of rice, therefore, supports rapid canopy 
development in order to realize high light interception. At leaf level, higher N input facilitates 
chlorophyll formation. The combine effects ensure relatively higher photosynthetic activity, 
plant growth and yield (Gimenez et al., 1994; Okami et al., 2013). Hence, increments in the 
amount of photosynthetic production with nutrient additions may be ascribed to changes in 
the capacity for light interception and light conversion efficiency. We conducted leaf-level 
gas exchange and chlorophyll fluorescence measurements on rice leaves to identify which 
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component of the CO2 exchange process is most influenced by N addition. Additionally, 
canopy developments of 3 rice fields with three nutrient treatment levels were monitored, in 
order to examine how N-input affects canopy leaf area, biomass allocation pattern, biomass 
production and leaf gas exchange. 
 
The specific objectives of this study were to: 
- Examine the extent to which increased nutrient supply leads to increased canopy leaf area, 
altered nitrogen investments, changes in leaf gas exchange and biomass production. 
 
The following hypothesis guided the formulation of this study: 
- Increasing nutrient supply to the rice crop leads to an acceleration in the rate of canopy 
development (rate of increase in LAI) and overall carbon gain. 
- Variation in leaf function in rice grown with different nutrient supply and under varying 
light environments within the crop canopy is largely explained by variations in leaf nitrogen 
allocation and nitrogen-driven gas exchange. 
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1.3. General materials and methods 
1.3.1. General description of the study sites 
Study 1 was conducted in the Haean-myeon Basin, while Studies 2 and 3 were carried out at 
the Chonnam National University’s research farm. 
The Haean-myeon Basin (128° 50’–128° 11’ E, 38° 13’ –38° 20° N), is part of the Yanggu 
County in the Gangwon Province, South Korea (see Figure 1). The elevation of the area (in 
total 62.7 km2) ranged from 340 m at the bottom of the catchment to 1320 m at the ridges, 
with an average slope of 28.4%. The climate of the “punchbowl” shaped basin (see Figure 2) 
is temperate, with a mean annual air temperature of 10.5 °C in the valley bottom and ca. 
7.5°C on the northern ridge. The annual precipitation during the last 12 years ranged between 
930 and 2299 mm year1, 50% of which fall during the summer monsoon between June and 
July (Korean Meteorological Administration, 2011). The bed rock is Precambrian Gneiss at 
the higher elevations, with Jurassic biotite granite intrusion that was subsequently eroded and 
deposited in the catchment bottom (Kwon et al., 1990). Due to the long-term addition of 
sandy soil on the top layer of the agricultural fields by farmers, the soil is mainly artificial and 
characterized as Anthrosols (FAO, 2006). The texture of the top layers (0–30 cm) for the 
dryland field sites is either sandy loam or loamy sand (Kettering et al., 2012). The cultivated 
land is grown with paddy rice (ca. 30% of the area under crop), and dryland crops (radish – 
24%, beans – 13%, potato – 10% and cabbage – 5%) (Yanggu County Office Annual Report, 
2010).  
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Figure 1: Overview of the South Korean peninsula with the study sites Haean-myeon and Gwangju 
(Image Landsat, ©google earth).  
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Figure 2: Overview of the Haean Basin in the Yanggu County, the punchbowl shaped basin is an 
example of the heterogeneous landscape of South Korea (©S. Lindner).  
 
The Chonnam National University’s research farm (35° 10' N, 126° 53' E, alt. 33m) is located 
in Gwangju (see Figure 1), Chonnam province, South Korea. Chonnam province is one of the 
major rice growing regions of S. Korea, with a typical East Asian monsoon climate, a mean 
annual temperature of 13.8°C and precipitation of between 1391 and 1520 mm/yr (1981–
2010). More than 60% of precipitation occurs during the summer monsoon season (July to 
August). The top soil layer (0 – 30 cm) is categorized as loam. 
 
1.3.2. Experimental design and field management 
The experimental fields for study 1 (see Figure 3) comprised rain-fed crop fields of radish 
(Raphanus sativus), potato (Solanum tuberosum L.), white cabbage (Brassica oleracea var. 
capitata) and soybean (Glycine max (L.) Merr.) and irrigated rice (Oryza sativa L.). For each 
crop, we selected 3 representative, approx. 0.1 ha of the fields. Tillage, fertilization of the 
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fields, planting/harvesting dates and paddy irrigation program were done according to the 
local management practices/program (see Kim et al., 2008; Kettering et al., 2012). Weed and 
pests were controlled by herbicides and pesticides, respectively. Basal fertilizer application 
was done 7 – 10 days before planting.  
 
 
Figure 3: Distribution of the field sites in 2009 and 2010 in Haean catchment in South 
Korea (©S. Arnhold).  
 
In study 2, an improved rice variety, Oryza sativa subsp. Japonica cv. Unkwang (Iksan 435 x 
Cheolweon 54) was cultivated as flooded paddy crop (PR) and as rainfed crop (RF) in two 
adjacent (separated by 100 m) experimental rice fields (see Figure 4). PR was planted in a 
block measuring 73.0 m x 19.5 m, surrounded with a perimeter cement wall. Sampling was 
confined to 8 m by 8 m sub-plot at the center of the block to minimize edge effects. In the RF 
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field, we demarcated 3 replicate plots measuring 37.5 m x 28.0 m for our measurements. 
These plots were randomly selected, but restricted to the center of the fields to avoid edge 
effects. In both PR and RF, the sample plots were accessed using footbridges to minimize 
disturbances of the soil and canopy. The rice seedlings were grown for 4 weeks as seedling 
mats in the greenhouse, before being transplanted into the PR field, whereas in RF the rice 
was directly seeded. Fertilization rate of 115 kgN/ha (80% as basal dosage and 20% during 
the tillering stage) for PR and RF were done before transplanting and at seeding stages, 
respectively, at a ratio of 11 : 6 : 5 (N : P : K), following the recommendations of the Ministry 
of Agriculture, Food and Rural Affairs (MAFRA), Republic of Korea. Rice in RF and PR 
were planted at a distance of 10 cm and a line spacing of 30 cm at a seed-density of 50.48 
kg/ha. The PR field was kept flooded from 5 days before transplanting until the heading stage 
(late July). Irrigation water in PR was applied when the water level decreased below 5 cm 
above the soil surface. The RF field was never irrigated and relied entirely on the ambient 
rainfall. Weeds and insects were controlled with herbicides and insecticides, respectively. 
 
Figure 4: Overview of the study location at the Chonnam National University research farm in Gwangju, 
South Korea, with the rainfed (yellow square) and paddy (red square) rice field (©F. Fischer).  
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In study 3, Unkwang (Oryza sativa cv. Unkwang) was cultivated in 4 paddy fields (see Figure 
5 and 6) with different application of nitrogen fertilizer. Fertilization rates were adapted to 0, 
50, 115 and 180 kg N ha-1, with addition of phosphate and potassium based on mass ratio of 
11:5:6 for N-P-K. 80% of N fertilizer was applied two days before planting (18th of May, 138 
DOY) and 20% at the tillering stage after 19 days past transplanting (157 DOY). Each field 
was surrounded by a perimeter cement wall resulting in an area of 73.0 m x 19.5 m for the 
115 kg N ha-1 treatment, while measuring 73.0 m x 7.0 m for the 0, 50 and 180 kg N ha-1 
treatments. Data acquired in the 50 kg N ha-1 field is excluded from further analysis in 
Chapter 4.  
 
Figure 5: Fertilizer treatments (P1: 0 , P2: 50, P3: 180, P4: 115 
kgN ha-1) of the paddy rice in Gwangju during the growth 
season 2013 (©F. Fischer).  
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Figure 6: Schematic overview of the experimental field setup for paddy rice in 2013, Gwangju. Four 
different nitrogen fertilization rates were applied (0, 50, 115, 180 kgN/ha) (©N. Lichtenwald). 
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1.4. Measurements  
1.4.1. Microclimate 
In the Haean-catchment and in Gwangju, air temperature, humidity, precipitation and global 
radiation were continuously measured with a 2 m high automatic weather stations (AWS, 
WS−GP1, Delta−T Devices Ltd., UK). Data were taken every 5 min, averaged and logged 
half-hourly. Additional discontinuous records of photosynthetic photon flux density (PPFD, 
LI−190, LI−COR, USA) within the transparent CO2 measurement chamber (approx. 50 cm 
above ground surface), air temperature (Tair) at 20 cm height inside and outside the CO2 
chamber (Digital thermometer, Conrad, Hirschau, Germany) and soil temperature (Tsoil) at 10 
cm soil depth (soil thermometer, Conrad, Hirschau, Germany) within the soil frames were 
taken during the CO2 flux measurements. Data were recorded every 15 seconds alongside 
CO2 fluxes. This allowed closer monitoring of the microclimate, in order to relate the CO2 
fluxes to the actual conditions within the chambers during measurements. 
 
1.4.2. Soil water content 
In both study sites, Haean and Gwangju, Volumetric Soil Water Content (VWC) in the plots 
was determined using both the gravimetric method and also by continuous measurements 
with the EC–5 soil moisture sensors (Decagon, WA, USA) installed at 10 and 30 cm soil 
depths. Data were logged every 30 min using EM50 data-logger (Decagon, WA, USA). For 
gravimetric VWC determination, three replicates of soil cores were obtained with a 3 cm-
diameter soil corer down to 30 cm. The gravimetric methodology was not applicable in paddy 
condition. Each sample was immediately weighed to determine the fresh weight. The samples 
were later oven dried at 105°C to a constant weight before determining their dry weights. Soil 
moisture content was determined as the relative change in weight between fresh and dry 
weights.  
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1.4.3. Ecosystem CO2 flux measurements 
For the measurement of CO2 exchange by the crops, the chamber methodology was applied. 
The ecosystem CO2 flux measurement chambers were set on soil frames measuring 39.5 by 
39.5 cm, which acted as a base for the chambers (see Figure 7) to prevent any gas leakage. On 
each crop field, four soil frames (collars) enclosing healthy, representative crops (crop plots) 
and two frames without vegetation (soil plots) were established 4-5 days before the 
commencement of CO2 flux measurements for study 1 (see chapter 2 for more details). For 
the studies 2 and 3, 4 soil frames enclosing representative crops and 3 bare plots were 
established in each treatment block (see chapter 3 and 4 for more details).  
 
Most CO2 flux measurements were performed on sunny days. After flux measurements, all 
the soil frames were replaced on to new locations for the next round of measurements. 
Detailed description of the measurements conducted in the respective plots are provided in 
the respective chapters (see chapter 2, 3 and 4). On any measurement day, NEE and Reco were 
sequentially observed with a systematic rotation over all plots. Gross Primary Production 
(GPP) was calculated as: 
GPP = -NEE + Reco         Equation 1 
where Reco is the sum of plant respiration (RPlant) and soil respiration.  
Plant net primary production (NPP), denoted as net carbon gain per ground meter over given 
time after subtracting carbon loss by plant respiration from GPP during the same time period 
(Campbell et al., 2001A) was determined as:  
NPP = -NEE + Rsoil        Equation 2 
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Figure 7: Picture of the transparent CO2 measurement chamber used 
for NEE measurement in our experiments. 
 
1.4.4. Analyses of nutritional influence on components of carbon gain capacity 
For assessment of nutritional influences on plant growth in study 3, biomass productivity and 
carbon gain capacity in paddy rice, measurements of canopy structure, light and nitrogen 
distribution, leaf physiology in canopy profiles and GPP were carried out at the low, normal 
and high nutrient groups. Diurnal courses of plant canopy gas exchange were measured on 
DOY 157, 167, 174, 200, 219. On each measuring day, chamber measurements rotated from 
one plot to the next until completion of one cycle in one group, and then was moved to the 
next nutrient group. Diurnal gas exchange and chlorophyll fluorescence measurements in the 
sunlit (uppermost), second, third and fourth mature leaves of the high fertilization group were 
conducted using a portable gas-exchange and chlorophyll fluorescence system (GFS 3000 and 
PAM Flourometer 3050 F, Heinz Walz GmbH, Effeltrich, Germany) on 57 (DOY 197) and 
73 DAT (DOY 213) set to track ambient environmental conditions external to the leaf 
cuvette. The diurnal course of leaf gas exchange in the uppermost leaves was periodically 
measured in the low, normal and high fertilization groups. Photosynthetic determinants 
Vcmax,30 and Jmax,30 were derived from the linear phase and saturation phase of assimilation vs. 
CO2 response curve measured at leaf temperature 30oC, based on methods referred by 
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Sharkey et al. (2007). CO2 curves were commenced according to the sequence of CO2 
concentration 1500, 900, 600, 400, 200, 100 to 50 µmol mol-1 after leaves had acclimated to 
the cuvette microenvironment (CO2 concentration of 400 µmol mol-1 and saturating PAR of 
1500 µmol m-2 s-1). Relative humidity (rh) was controlled to ca. 60% and light intensity at 
1500 µmol m-2 s-1. Assimilation rate, stomatal conductance and fluorescence signals were 
recorded after new steady-state readings were obtained. At least three replicated 
measurements of CO2 curve were conducted at tillering and grain filling stage at the low and 
normal nutrient groups. The variable Jp method of Harley et al. (1992) for estimating 
mesophyll conductance was applied to data on the ETR-limited portions of CO2 response 
curves. Using values of Vcmax and Jmax determined from CO2 response measurements, rates of 
net assimilation were predicted assuming different values of chloroplastic CO2 concentration 
(Cc), the CO2 partial pressure at the site of fixation, which is jointly determined by fixation 
rate, stomatal and mesophyll conductances. The limitations on photosynthetic capacity 
resulting from finite stomatal and mesophyll conductance were evaluated by comparing 
measured A400 at Ca = 400 with rates predicted assuming infinite stomatal and/or mesophyll 
conductance by method from Harley et al. (1986). 
On 26, 33, 54, 72 and 86 DAT (corresponding to DOY 166, 173, 194, 212 and 226), three 
planted hills consisting of fifteen plants (five seedlings comprising one planted bundle) from 
each treatment were harvested, and total leaf area of each was determined with an LI-3100 
leaf area meter. On 54 and 72 DAT the standing canopy in each fertilization treatment was 
stratified into vertical layers, each layer 15 cm in thickness. Leaf and stem area and biomass 
in each stratified layer were measured. On 43 DAT (DOY 183), three typical hills from each 
treatment were randomly selected to record individual leaf laminar area. Grain yield 
determinations were obtained at four sampling plots (0.5 × 0.5 m) at the end of the growing 
season at 113 DAT (DOY 253), and were weighed after air-drying. 
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Vertical profiles of incident light were determined either the day before or on the day of plant 
sampling (54 and 72 DAT) with light data loggers (HOBO, Onset Computer Corporation, 
Bourne, MA) mounted on thin rods with vertical spacing of 15 cm from base 0 cm to top of 
the canopy, and where multiple rods were placed along a transect diagonal to the planted 
rows. Data was logged every 15 min on two consecutive days when the measurements of 
stratified leaf area were made for nutrient groups. The HOBO logger light values were 
periodically compared to PAR measured with a LI-COR quantum sensor to develop a 
calibration curve and to estimate the PAR profiles. PAR was assumed to be attenuated 
through the canopy according to the Lambert-Beer law. Leaf nitrogen distribution in profiles 
was computed in similar way to that of light attenuation. 
 
1.4.5. Empirical description of canopy responses 
 
Empirical description of the measured NEE and GPP was performed with a non-linear least 
squares fit of the data to a hyperbolic light response model, also known as the Michaelis- 
Menten or rectangular hyperbola model (Owen et al., 2007) 
 
NEE= (α*β*PAR/(α*PAR+β))+γ      Equation 3 
 
where α is the initial slope of the curve and an approximation of the canopy light utilization 
efficiency (CO2/ photon), β is the maximum NEE of the canopy (µmol CO2 m
-2 s-1), PAR is 
photosynthetic photon flux density (µmol photon m-2 s-1), γ is an estimate of the average 
ecosystem respiration occurring during the observation period (µmol CO2 m
-2 s-1). Since the 
rectangular hyperbola may saturate very slowly in terms of light, we used the value calculated 
from α*β*PAR/(α*PAR+β) for high light intensity levels (PAR = 1500 µmol photons m-2 s-1) 
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in this study. This value approximates the potential maximum GPP and can be thought of as 
the average maximum canopy uptake capacity during each observation period (noted here as 
(β + γ)1500). The parameters (β + γ)1500 (e.g. NEE at PAR = 1500 µmol m
−2 s−1) and γ were 
estimated for each day using NEE data from the four measurement plots per day. 
Statistical analysis and best fits for light and temperature response curves were performed 
using Sigma Plot version 11.0. 
Analysis of short-term temperature sensitivity of Reco was made for the daytime Reco using the 
Lloyd & Taylor respiration equation (Lloyd and Taylor, 1994; their Eq. (11)). 
 
Reco = RecoRef,283exp(E0(1/(283.15−T0))−(1/(TK−T0)))      Equation 4 
 
where TK is soil temperature (in K), E0 is a parameter describing Reco sensitivity to 
temperature, T0 is a temperature scale parameter (kept constant at T0 = – 46.02°C) and 
RecoRef,283 (µmol CO2 m
−2 s−1) is the ecosystem respiration rate at reference temperature 
(283.15K = 10°C). 
 
1.4.6. Above- and belowground biomass sampling 
Aboveground biomass was determined from the 39.5 cm x 39.5 cm plots where the CO2 
fluxes were measured with the chambers.  The aboveground biomass was sorted into leaves, 
grains, culms and dead material. Respective leaf areas (LA) and green leaf areas (GLA) were 
determined with leaf area meter (LI−3000A, LI−COR, USA) from the sampled leaves. All the 
biomass was oven-dried to a constant weight at 85°C for at least 48 hours. Leaf area index 
(LAI) and green leaf area index (GLAI) was determined from total LA or GLA within the 
39.5 cm by 39.5 cm ground area and expressed per unit square meter. Using an 8 cm diameter 
soil corer, soil cores were obtained from the middle of the collar, after aboveground biomass 
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harvest, down to 30 cm. The cores were divided in 0-10, 10-20 and 20-30 cm each, washed 
under running tap water, before oven-drying the sieved (2 mm mesh size) belowground 
biomass. 
 
1.4.7. Plant C/N determination 
Sub-samples from the dried biomass of the respective collars (for CO2 flux measurements) 
were ball-milled into fine powder, re-dried at 80°C and kept in a desiccator for further 
analysis. A small fraction of the dried samples (< 1 g) was analyzed for total carbon/ nitrogen 
(C/N) content (%) using C:N Analyzer 1500 (Carlo Erba Instruments, Milan, Italy). 
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1.5. General results and discussions 
1.5.1. Drivers of seasonality and magnitudes of CO2 exchange and productivity 
Chapter 2 examined CO2 exchange, carbon allocation patterns and biomass development of 5 
dominant crops in the Haean catchment. The results demonstrated significant differences 
among crops in their biomass and LAI developments. These differences were attributed 
mainly to differences in carbon allocation patterns and quantum yield (α). For example in 
cabbage, only 4% of the total biomass was allocated to the roots and the rest was directed to 
the aboveground biomass for leaf development (Table 3). On the other hand, radish allocated 
more carbon to the roots throughout the growing period. The distinct carbon allocation 
patterns had implications for the overall plant growth, given that preferential allocation to the 
aboveground structures, especially during the early stages of crop development, was 
associated with higher assimilation and rapid growth. At the ecosystem scale, rapid LAI 
development was associated with higher GPP and NEE rates, given that Reco was largely 
temperature-controlled (Figure 14). 
In this multicultural agroecosystem, seasonality and the magnitudes of NEE and GPP among 
the crops tended to reflect the patterns of LAI development, with strong variations among 
crops. This compared very well with Suyker et al. (2005), who also found a strong 
relationship between LAI development and GPP/ NEE for maize and soybean. 
Our findings demonstrate that the variations among crops that were not linked to LAI were 
due to differences in α, which is more or less a genetic conformation. The average peak GPP 
in this study was 36.8 ±16.0 µmol m−2 s−1, while the average peak NEE was –22.6 ±7.7 µmol 
m−2 s−1, rates that are comparable to those measured in some monocultural crop fields in Asia 
and elsewhere. For example, peak GPP was around –40.9 µmol m−2 s−1 in rice paddies in 
southern Korea (Moon et al., 2003) and peak NEE rates were –29.5 µmol m−2 s−1 in western 
Japan (Saito et al., 2005). The peak NEE in monocultures of bean in Europe and USA ranged 
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from − 6.8 to − 21.1 µmol m−2 s−1  (Falge et al. 2002, Suyker et al. 2005, Hernandez-Ramirez 
et al. 2011), while the maximum NEE rates in this study measured in potato and cabbage 
fields were −29.4±0.4 and −38.7±6.6 µmol m−2 s−1, respectively. We however, observed 
strong differences in the timing and the duration of peak NEE rates among the different crops. 
The peak NEE rates reported for the agroecosystems are usually higher than rates observed in 
most natural ecosystems (Kato et al., 2008; Kwon et al., 2010). With regard to the 
atmospheric CO2 uptake however, crops tend to have a relatively short vegetative period, 
which limits the duration of CO2 uptake. For example, in our study, some crops only lasted 
2−3 months, from germination to maturity. In multicultural agriculture landscape the sawing 
of crops is staggered, thus there was an extended period of peak GPP and NEE, increasing the 
active period of atmospheric C uptake. We consider this as an ecological advantage of the 
multicultural agroecosystems found in S. Korea and other parts of Asia.  
The observed rapid growth rates and higher NEE measured were attributed to high nutrient 
availability due to high fertilization rates, as N fertilization generally stimulates canopy LAI 
development, leaf photosynthesis through increased light use efficiency and biomass growth 
(Cheng et al., 2009). Net primary production in most terrestrial ecosystems, including 
agroecosystems, is correlated with nitrogen availability (Holland and Braswell, 1997; 
Frageria and Baligar, 2001; Huang et al., 2007) and foliar N concentrations scales directly 
with the maximum C assimilation over whole canopies (Baret et al., 2007; Gitelson et al., 
2014). Standard fertilizer N application rates recommended by the Rural Development 
Administration of South Korea (RDA) are 238 kg N ha-1 for highland cabbage, 252 kg N ha-1 
for highland radish, 137 kg N ha-1 for highland potato, 30 kg N ha-1 for beans, and 90-100 kg 
N ha-1 for paddy rice (RDA, 2006). The average fertilizer N consumption in South Korea was 
however estimated to be 313 kg N ha-1 yr-1 (Kim et al., 2008). While N-nutrition has a strong 
affect on LAI development and light interception (Weerakoon et al., 2000), biomass 
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production requires an ample supply of assimilates, which depends on the daily PAR. At 
saturating PAR, biomass production increases linearly with N-supply (Lawlor, 2002) (see 
chapter 4 for more details). N is a substrate for the synthesis of amino acids and, therefore, of 
proteins. Rapid CO2 assimilation rate requires correspondingly large amounts of the light 
harvesting chlorophyll–protein complexes (LHCP), electron transport and NADP+-reducing 
components of thylakoids, and the CO2 assimilating enzyme Ribulose 1-5 Bisphosphate 
Carboxylase/Oxygenase (Rubisco), plus other enzymes required for CO2 assimilation in the 
stroma (Lawlor, 2002). The major protein of the chloroplast and leaf (Evans, 1983; Sage et 
al., 1987) is Rubisco, but Rubisco has low catalytic rate per mass of protein, so the rates of 
CO2 assimilation commonly determined in C3 leaves requires a large amount of Rubisco (up 
to 30% of the N in the leaves). Differences revealed in GPPmax between the crops in this study 
are therefor not only caused by LAI, but also caused by quantum yield (α). The latter is 
determined by Rubisco concentration and activity, which depends on N-supply.  
While LAI and α explained seasonal GPP and NEE fluctuations (R2 = 0.40 – 0.98), more than 
90% of the diurnal changes were due to fluctuations in PAR during the day. On a daily basis, 
GPP was a non-linear function of PAR, saturating at PAR > 1000 µmol m−2 s−1. Although 
these observations are not unique, and have been reported for monocultural crops elsewhere 
(Suyker et al., 2005, Baldocchi, 1994), this study demonstrated that under similar 
environmental conditions, different crops respond in a relatively similar manner. Differences 
that are observed among them are majorly dictated by the patterns of C-partitioning and 
quantum yield. 
The CO2 exchange of agricultural crops is quite variable and mainly driven by agricultural 
practice and the climate (Jans et al., 2010), with obvious responses to season length, nutrient 
availability, and management measures (Owen et al., 2007). Croplands are intensively 
managed and exposed to frequent and persistent disturbance, perhaps more so than grasslands 
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and unlike many forest ecosystems, even those subject to some management. Since nearly all 
crops are sown and harvested annually, and are often grown in rotation, the impact of the 
previous or actual crop management can have a greater effect in croplands than in perennial 
grasslands or forest ecosystems (Smith et al., 2010). This influences the seasonal changes of 
ecosystem CO2 fluxes, which are closely related to the changes in physiological activity of 
the ecosystem and occur in response to meteorological conditions. 
Natural ecosystems at temperate latitudes, where the period for carbon assimilation (growing 
season) can be restricted by temperature, light and moisture conditions, as well as by leaf 
phenology (Keeling et al., 1996; Jackson et al., 2000), respiratory carbon losses occur 
simultaneously throughout the year (Janssens et al., 2001) and are mainly regulated by 
temperature and moisture conditions (Lloyd and Taylor, 1994), but GPP and Reco may have 
dissimilar periods of activity (Falge et al., 2002) depending on the light, temperature and 
moisture conditions over the course of the year. In natural ecosystems, factors are often auto-
correlated with the seasonal distributions of air/ soil temperature and soil moisture, whereas 
in agroecosystems, the crops are not planted until the temperatures and moisture conditions 
are most favorable for development of the respective crop. Since the agroecosystems 
monitored in this study was situated within a temperate monsoonal climatic zone, water 
availability was not a major factor controlling Reco or limited GPP. GPP significantly (P < 
0.05, R2 = 0.67) influenced Reco, which was due to increased maintenance respiration as root 
biomass increased (Gifford, 1994; Ma et al., 2007). Differences in Reco observed among crops 
were, therefore, likely the result of variable GPP. This is in agreement with Janssens et al. 
(2001), Law et al. (2002), Aubinet et al. (2009), showing that ecosystem respiration is 
proportional to productivity, as the delivery of assimilates to the roots and exudation of sugars 
by roots into the soil stimulates root and soil respiration, respectively. Similar to studies of 
Jans et al. (2010), where a contribution of root respiration to soil respiration of up to 61% 
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during the cultivation period was reported. 
In most cases, Reco was also positively correlated with air temperature, as temperature is 
particular significant and affects the rates of biochemical processes, therefore determining the 
potential, with maximum potential occurring at an optimum temperature or within an 
optimum temperature range (Lawlor, 2002).  
 
1.5.2. The role of cultivation approaches on CO2 exchange productivity 
In the Haean catchment (Chapter 2), which is a model S. Korean agroecosystem, 30% of the 
cultivated land is under rice cultivation (Yanggu County Office, 2010). Our chapter 3 focuses 
on rice crop. The two main rice production methods in S. Korea are flooded (paddy) and 
rainfed (upland) rice. To investigate differences arising from these rice production methods, 
the study investigated the same rice variety (Unkwang), which has been developed for both 
rainfed and paddy conditions, to minimize differences that may arise due to genotypic 
differences. The rice was grown under similar environmental and fertilization regimes.  
The relative humidity (rH) in paddy rice was around 78% at midday on sunny days compared 
to 53% in the rainfed field. The interplay between high rH and cooler air temperatures in the 
flooded rice resulted in a lower mean daily VPD in comparison to the rainfed rice field. In the 
rainfed rice fields, high VPD and lower soil moisture content may results in low tissue water 
potentials (Ψ) and plants, therefore, respond by closing their stomata, consequently lowering 
CO2 uptake and production (Maruyama and Kuwagata, 2008). Although leaf-level 
experiments indicate that stomatal closure causes a proportionately greater decrease in 
transpiration than in photosynthesis because of additional diffusive resistances of CO2 
(Cowan, 1982), other studies suggest that when water availability or hydraulic capacity of the 
whole plant system is limited, stomata adjust to maintain a sustainable water flow and 
minimize the possibility of xylem cavitation (Mencuccini and Grace, 1996), thereby reducing 
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CO2 assimilation. In this study however, rainfed rice exhibited higher GPP at similar LAI 
(labeled as GLAI in chapter 3) compared to paddy rice due to a higher leaf N content and 
specific leaf weight, which resulted in a higher light use efficiency and improved 
productivity. This resembles the results demonstrated in chapter 2, where seasonal differences 
in GPP were due to variations in LAI and α, while PAR determined the daily fluctuations in 
GPP. 
Furthermore, there were no significant differences in yield for both cultivations (yielding 6.61 
± 0.22 in paddy rice and 5.99 ± 0.68 t ha−1 in rainfed rice). Root water uptake by rainfed rice 
was, therefore, adequate to sustain C assimilation despite the fact that the plants were grown 
under non-water saturated soils. We note that in our case, soil water content remained 
> 37.2%, which are soil moisture conditions reported to be not limiting C assimilation or 
overall productivity (Alberto et al., 2009). This result is similar to previous studies, where 
GPP of non-flooded rice was less sensitive to increasing VPD compared to flooded rice fields 
(Alberto et al., 2009, 2012, 2013) and equally large biomass values were achieved at an 
adequate supply of water (Kato et al., 2006), as it was present in this study. 
Chapter 3 revealed that as long as soil moisture is not limiting, the ultimate determinants of 
crop productivity appear to be N availability and radiation (PAR). Thus, leaf N content was 
correlated with aboveground biomass, α and GPP, irrespective of the growing conditions 
(paddy or rainfed). The findings agree with what we reported in chapter 2 for a wide range of 
crops. 
 
1.5.3. Role of fertilization on crop productivity 
The previous studies pointed to the important role of N-input in crop productivity (Makino et 
al., 1997). In chapter 4, we explored further the effect of N fertilization on leaf-level process, 
which ultimately determine plant productivity. Previous studies have emphasized the 
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important role of Nutrient application in the productivity of the agroecosystems (Holland and 
Braswell, 1997). In chapter 2 and 3, we observed that LAI development and light use 
efficiency (α) are key determinants of productivity in the agroecosystem. Leaf area and 
chlorophyll developments are both controlled by N-availability (Evans, 1989; Li et al., 2009). 
To minimize limitations due to water stress, the study was performed on paddy rice.  
Generally, N addition stimulated leaf area development and yield. N-input rates of 115 and 
180 kg N ha-1 increased aboveground biomass by 56% and 62%, respectively. This was also 
reflected in the grain yield, which increased by 58% and 73%, respectively, compared to the 
unfertilized treatment (0 kg N ha-1). The study showed that N-application rates beyond the 
115 kg N ha-1 does not further improve grain yield production and could only be a source of 
environmental pollution (Good et al., 2007). This is valuable information with regard to 
environmental management. 
In relation the results observed in chapter 2 and 3, where LAI was correlated with GPP, this 
study showed that for rice, LAI development was due to increase in leaf numbers and leaf 
size. These changes are facilitated by N fertilization and leads to higher GPP. Furthermore, 
N−fertilized rice also developed a higher proportion of leaves in the upper canopy, where 
leaves experienced higher light conditions. As demonstrated in the previous studies, higher 
total leaf N content (labeled as Na in chapter 4) was associated with higher quantum yield and 
photosynthesis. N−fertilization increases net photosynthetic rates by increasing the amounts 
of rate limiting enzymes (Yoshida 1981; Campbell et al., 2001a; Niinemets, 2007). This we 
demonstrated through a linear correlation between leaf N-content and the maximum 
carboxylation rate (Vcmax) and maximum electron transport rate (Jmax), explaining the 
importance of N in determining the amounts of rate-limiting enzymes in the Calvin cycle 
(especially Rubisco) and the electron transport chain (Lawlor, 2002). 
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The relationship between light use efficiency  and the percentage of total leaf area above 45 
cm (termed as leaf area of upper canopy, LAUC) was linear, demonstrating the importance of 
leaf area development on canopy on light fixation. This linearity was only possible when N-
was not limiting, demonstrating the important role played by N in light interception and 
fixation. The greatest benefit arising from increased N-availability is the burst in productivity 
early in the elongation stage that stimulates rapid canopy development and increases LAI. 
Thus, development of aboveground biomass is accelerated in fertilized plots, enabling them 
to maintain their advantageous LAI throughout development. This leads to greater PAR 
absorption in fertilized plots, enhancing both GPP and light use efficiency. 
 
1.6. General conclusion and recommendation  
 
This study investigated CO2 exchange and carbon balance of agroecosystems comprising a 
multicultural cropping system in a complex terrain of South Korea. Crops differed in their 
patterns and magnitudes of biomass and LAI development, which was likely the result of 
differences in light use efficiencies and carbon allocation patterns. Both LAI and light use 
efficiency were the key determinants of the seasonal patterns and magnitudes of NEE and 
GPP, while on a daily basis, PAR explained more than 90% of their diurnal variations.  
Significant variations in respiration rates among the crops were observed. Since they were 
grown on similar soils, with no water stress during the growing season, we assume that spatial 
differences in Reco among the fields were due to differences in GPP. This argument is based 
upon the observed positive correlation between GPP and Reco for the surveyed crops. 
The timing of maximum CO2 assimilation (GPPmax) differed among the crops, thus, even 
though maximum CO2 uptake in the respective crops only lasted a couple of weeks, the effect 
of the staggered peak GPP resulted in extended period of high CO2 uptake. These differences 
 36 
among crops were significant and are considered as an ecological advantage in these 
multicultural agroecosystems found in S. Korea and other regions of Asia. 
The balance between GPP and Reco determines daily and seasonal NEE (Owen et al., 2007), 
and, therefore, the sink or source strength of C in the agricultural ecosystem. The only 
process of CO2 uptake is photosynthesis and the only pool in which C can be sequestered is 
the soil. 
Although crops in agricultural fields showed generally high CO2 uptake rates, a short growing 
season length compared to i.e. forest ecosystems can lead to a low-to-moderate annual net 
CO2 uptake (Anthoni et al., 2004). Introducing double cropping may help to increase the 
length of crop carbon uptake and shortens period of soil carbon release in the fallow land. 
Annual crops are harvested each year, and therefore provide no long-term storage of carbon 
in aboveground biomass, but soils can sequestrate atmospheric CO2 when large quantities of 
crop residues and organic manure must be returned to the soil (Huang et al., 2009). 
Especially for rice, enhanced fluxes of CO2 from drained soil were caused by the removal of 
the barrier to gas transport from the soil surface to the air caused by the floodwater (Miyata et 
al., 2000). 
Nevertheless, flooding and puddling of the soil are commonly practiced in paddy rice to 
provide abundant water, enhance  nutrient availability,  increase diffusion rates and mass 
flow, conferring much fertility to soils and stability to the ecosystem (Bachelet et al., 1995). 
Due to the growing scarcity of water worldwide, replacing the conventional irrigated paddy 
rice production by an alternative rainfed rice cultivation is seen as a promising way to 
maintain crop productivity under water scarcity (Tuong and Bouman, 2003). In this study, the 
surveyed Unkwang rice cultivar planted in rainfed fields under monsoon climate, without 
prolonged drought, had comparable canopy carbon gain capacity, leaf canopy size and 
biomass accumulation to the flooded paddy cultivation. This could be a promising water 
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conserving strategy in the rice productions systems. A serious environmental problems 
encountered in intensive paddy rice systems is a downstream water pollution and emission of 
ammonium volatilization due to surplus of organic nitrogen fertilizer application (Fillery et 
al., 1986; Ju et al., 2009). 
The results of this study revealed that no benefits occurred when N > 115 kg N ha-1 was 
applied. The extra N above this rate most likely becomes a source of environmental pollution. 
Selecting an appropriate rate of N fertilizer is, therefore, necessary in order to minimize 
environmental impacts arising from agriculture, while sustaining crop productivity. 
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2.1. Abstract: 
The Asian agricultural landscape, which accounts for approximately 12.6% of the world’s 
agricultural land, is highly heterogeneous due to the multicultural cropping system. 
Information regarding CO2 exchange and carbon (C) balance of these agro-ecosystems is 
scarce, even though they are likely to immensely contribute to the global C budget. Net 
Ecosystem CO2 Exchange (NEE) and Ecosystem respiration (Reco) were measured between 
2009 and 2010 on 5 dominant crops (potato, rice, radish, cabbage and bean) in the Haean 
catchment of South Korea, using a closed chamber system to quantify CO2 fluxes in this 
agricultural landscape characteristic of the Asian cropping system. Parallel measurements 
were conducted on leaf area index (LAI), plant biomass and climatic variables, mainly 
photosynthetic active radiation (PAR), air temperature, soil temperature and soil moisture. 
Biomass and LAI development differed among the crops likely as a result of differences in 
light use efficiencies (α) and carbon allocation patterns. The peak total biomass for radish, 
cabbage, potato, rice and bean were 0.53 ± 0.07, 0.55 ± 0.12, 1.85 ± 0.51, 2.54 ± 0.35 and 
1.01 ± 0.26 kg m-2, respectively, while the respective maximum LAI were 2.8, 3.7, 6.4, 6.3 
and 6.7 m2 m-2. Variations in seasonal patterns, magnitudes and the timing of maximum NEE 
and gross primary production (GPP) among the crops were likely the result of differences in 
LAI and α. The lowest peak Reco rate was 3.8 ± 0.5 µmol m−2 s−1, measured on rice paddies 
while the highest was 34.4 ± 4.3 µmol m−2 s−1 measured on the cabbage fields. The maximum 
NEE rates were −29.4 ± 0.4 and −38.7 ± 6.6 µmol m−2 s−1, measured in potato and cabbage 
fields, respectively. Peak GPP rates in potato and cabbage fields were 39.5 ± 0.6 and 
63.0 ± 7.2 µmol m−2 s−1, respectively. PAR explained more than 90 % of the diurnal 
variations in GPP, while LAI and α determined the seasonal trends of maximum GPP. The 
timing of maximum CO2 assimilation (GPPMax) differed among the crops, thus even though 
maximum CO2 uptake in the respective crops only lasted a couple of weeks, the effect of 
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staggered peak GPP resulted in extended period of high CO2 uptake. These differences 
among crops were significant, hence modeling approaches need to consider the heterogeneity 
in ecosystem CO2 exchange associated with these multicultural agriculture landscapes.  
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2.2. Introduction 
There is a general consensus regarding the contribution of natural ecosystems such as forests, 
wetlands, grasslands, savannas and the tundra to the global carbon (C) budget. However, 
agro-ecosystems, particularly croplands which currently constitute 12.6% of the total land 
area (FAO, 2014) have been less regarded (Gilmanov et al., 2010; Smith et al., 2010). Due to 
their small spatial coverage, croplands were for a long time considered moderate contributors 
to the global atmospheric C pool (Smith and Falloon, 2005), but this is changing owing to the 
ongoing massive conversion of natural ecosystems such as forests and grasslands into 
croplands, increasing their spatial coverage globally (Desjardins et al., 2007; Corbin et al., 
2010). Crop production is seasonal nature hence as a result of their expansion, they are likely 
to play an increasingly important role as drivers of annual and inter-annual fluctuations in the 
global atmospheric CO2 concentrations (Moreaux et al., 2008).  
Our current knowledge on CO2 fluxes and annual C budgets of croplands originate from 
measurements conducted on extensive monocultural agricultural landscapes such as maize 
and soybean rotations in North America (Hollinger et al., 2005; Pattey et al., 2002; Suyker et 
al., 2004, 2005; Hernandez-Ramirez et al., 2011); corn, soybean, wheat (Falge et al., 2002a; 
Corbin et al., 2010); maize, winter wheat and barley (Sus et al., 2010; Jans et al., 2010) in 
central and northern Europe. Similar data are available for sugar beet (Moureaux et al., 2006; 
Aubinet et al. 2009), winter wheat (Hoyaux et al., 2008; Moreaux et al., 2008; Dufranne et 
al., 2011; Schmidt et al., 2012), potato (Aubinet et al., 2009) and triticale (Béziat et al., 2009) 
from other parts of Europe. Results from long-term measurements of net ecosystem CO2 
exchange (NEE) in 17 flux sites in Europe for 45 cropping periods were summarized by 
Moors et al. (2010). Soegaard et al. (2003) reported CO2 fluxes over a mixed agricultural 
landscape in western Denmark planted with winter wheat, winter barley, spring barley, maize 
and grass. In Asia, Lei and Yang (2010), Qun and Huizhi (2013) reported annual CO2 fluxes 
 66 
and C storage for winter wheat and summer maize rotation fields representative of the main 
cropping system in the North China plains. Data on rice field CO2 fluxes are available from 
North America (Campbell et al., 2001), Korea (Moon et al., 2003), Japan (Saito et al., 2005), 
and China (Ren et al., 2011).  
In Asia, most of the agricultural landscape is characterized by multicultural cropping systems 
comprising relatively small (1 to 2 hectares) land holdings (Pookpakdi, 1996). Although 
smaller than the world average holding range of 3.7 hectares, combined, these farms 
contribute around 20% of the world’s agricultural land and must play a critical role in the 
global C budget. Fragmentation of the landscape through multicultural cropping is also likely 
to induce strong fluctuations in C fluxes through varied timing and growing lengths of 
different crop types and might be contributing to the oscillations observed in the atmospheric 
CO2 concentration during the year. In a multicultural landscape, quantifying CO2 fluxes and 
C budgeting for the respective ecosystem patches (small farms) is a major challenge. Also, 
linking CO2 fluxes at landscape scales to the agricultural yields is difficult, especially when 
the production phases of the crops are overlapping. 
 
Quantification of CO2 exchange between ecosystems and the atmosphere have been achieved 
with the two widely accepted measurement techniques, namely the chamber (CT) and the 
eddy covariance (EC) techniques (Aubinet et al., 2000; Pavelka et al., 2007; Wohlfahrt et al., 
2005). While the EC technique applies best in open habitats (from hundreds of m-2 to km-2) 
where fluxes are related to clearly defined vegetation types (footprint), the use of portable 
chambers allows direct evaluation of NEE, ecosystem respiration (Reco) and gross primary 
productivity (GPP) at small spatial scales (plot level), making it possible to key out functional 
differences within a heterogeneous landscape like mixed farming systems in the Asian 
agricultural landscape. In this study, we focused on CO2 exchange on fields of major crops 
 67 
grown in the heterogeneous agricultural landscape of the Haean-myun catchment to: (1) 
determine the seasonal patterns and magnitudes of CO2 exchange and productivity of five 
main crop types, (2) identify factors that regulate CO2 fluxes and biomass production and the 
intensity of regulation among different crops in the fragmented agricultural landscape in the 
Haean catchment. We hypothesized that in a multicultural agricultural system, differences in 
the timing and magnitudes of GPP and Reco among crops lead to a high spatial variability of 
CO2 exchange. 
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2.3. Materials and Methods 
2.3.1. Study site 
The study was conducted in the Haean Basin (128° 5' to 128° 11' E, 38° 13' to 38° 20' N), 
Yanggu County in Gangwon Province, South Korea. The elevation of the area (in total 62.7 
km2) ranged from 340 m at the bottom of the catchment to 1320 m at the ridges, with an 
average slope of 28.4%. The climate of the “punchbowl” shaped basin is temperate, with a 
mean annual air temperature of 10.5°C in the valley bottom and ca. 7.5°C on the northern 
ridge. The annual precipitation during the last 12 years ranges between 930 and 2299 mm/yr, 
50% of which fall during the summer monsoon between June and July. The rock bed is 
Precambrian Gneiss at the higher elevations, with Jurassic biotite granite intrusion that was 
subsequently eroded and deposited in the catchment bottom (Kwon et al., 1990). Due to the 
long-term addition of sandy soil on the top layer of the agricultural fields by farmers, the soil 
is mainly artificial and characterized as Anthrosols (FAO, 2006). The texture of the top layers 
(0 – 30 cm) for the dryland field sites is either sandy loam or loamy sand, with a bulk density 
(BD) of 1.23 g cm−3, pH 5.8, soil organic matter (SOM) of 10.7 g kg−1, cationic exchange 
capacity (CEC) of 10.3 cmolc kg−1, total nitrogen content (Ntot) of 0.61 g kg−1, total organic 
carbon content (Ctot) of 6.04 g kg−1, mineralized nitrogen (Nmin) before fertilization averaged 
for the experimental sites is 93 kg NO3 ha−1 and 98 kg NH4 ha−1 (Kettering et al., 2012). 
Averaged for rice paddies, BD is 1.14 g cm−3, pH 6.2, SOM of 17.2 g kg−1, CEC of 12.2 
cmolc kg−1, Ntot of 0.81 g kg−1, Ctot of 8.72 g kg−1, Nmin before fertilization is 9.96 kg NO3 ha−1 
and 98 kg NH4 ha−1 (Kettering et al., 2012). 
The cultivated land is grown with paddy rice (ca. 30% of the area under crop), and dryland 
crops (radish – 24%, beans – 13%, potato – 10% and cabbage – 5%) (Yanggu County Office, 
2010).  
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2.3.2. Description of the experimental plots 
The experimental sites (see Figure 8) comprised rain-fed crop ﬁelds of radish (Raphanus 
sativus), potato (Solanum tuberosum L.), white cabbage (Brassica oleracea var. capitata) and 
soybean (Glycine max (L.) Merr.) and irrigated rice (Oryza sativa). For each crop, we selected 
3 representative, approx. 0.1 ha of the fields. Tillage, fertilization of the fields, 
planting/harvesting dates and paddy irrigation program were done according to the local 
management practices/program (see Kim et al., 2008; Kettering et al., 2012). Weed and pests 
were controlled by herbicides and pesticides, respectively. Basal fertilizer application was 
done 7 – 10 days before planting. Planting/transplanting information is summarized in 
Table 1. 
 
Table 1: Planting and harvesting dates of the respective crops during 2009 and 2010. Data are 
expressed in day of year (DOY). 
  Year      Crop     
  Rice Radish Potato Cabbage Bean 
Planting date 2009 140 152 110 140 125 
Harvest date   289 253 247 198 258 
Planting date 2010 144 161 116   
Harvest date    290 243 273     
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Figure 8: Location of the Haean-myeon catchment on the Korean peninsula with the experimental 
sites where our measurements were conducted during 2009 (circles) and 2010 (squares). Locations 
of the Automatic weather stations are indicated with triangles. 
 
2.3.3. Measurements 
2.3.3.1 Microclimate 
Between 2009 and 2010, air temperature, humidity, precipitation and global radiation were 
continuously measured with 2 m high automatic weather stations (AWS, WS-GP1, Delta-T 
Devices Ltd., UK). Data were taken every 5 minutes, averaged and logged half-hourly. 
Additional discontinuous records of photosynthetic photon flux density (PPFD, LI−190, 
LI−COR, USA) within the transparent CO2 measurement chamber (approx. 50 cm above 
ground surface), air temperature (Tair) at 20 cm height inside and outside the CO2 chamber 
(Digital thermometer, Conrad, Hirschau, Germany) and soil temperature (Tsoil) at 10 cm soil 
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depth (Soil thermometer, Conrad, Hirschau, Germany) within the soil frames were taken 
during the CO2 flux measurements. Data were recorded every 15 s alongside CO2 fluxes. This 
allowed closer monitoring of the microclimate, in order to relate the CO2 fluxes to the actual 
conditions within the chambers during measurements. 
 
2.3.3.2 Ecosystem CO2 flux measurements 
On each field per crop, four soil frames (collars) enclosing healthy, representative crops (crop 
plots) and two frames without vegetation (soil plots) were established 4-5 days before the 
commencement of CO2 flux measurements. Collars on soil plots were installed one month 
before planting and also removed 2 weeks after harvesting. Each collar enclosed an area 
measuring 38 cm by 38 cm. The collars provided a 2 cm wide base for CO2 measurement 
chambers. Most CO2 flux measurements were performed on sunny days, when peak (midday) 
light intensities reached ~ 1500 µmol m-2 s-1 (Table 2). The measurements were adapted to 
the management regimes in Haean and were not conducted within two days after fertilization, 
irrigation or pesticide/herbicide application. After flux measurements, all the soil frames were 
replaced on to new locations for the next round of measurements. Measurements were carried 
out between 10-14 h (4 cycles per day), at least once a month between June and October 
2009, while the measurements in 2010 were conducted between 9-18 h (8 cycles per day).  
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Table 2: Day of Year (DOY) when CO2 chamber measurements were 
conducted on the respective plots in 2009 and 2010. Measurements before 
planting or after harvest are enclosed in brackets.  
Year   Crop   
  Rice Radish Potato Cabbage Bean 
2009 147 (153) (134) (139) 169 
 155 163 138 148 179 
 156 176 159 162 202 
 164 196 174 177 235 
 175 213 189 197  
 203 253 220   
 260     
2010 181 205 152   
 208 227 157   
 232 243 174   
 261 (280) 186   
   210   
   (280)   
 
NEE and Reco were sequentially observed with a systematic rotation over all plots using 
manually operated closed CO2 measurement chambers (Li et al., 2008; Otieno et al., 2012). 
The 40 x 40 x 54 cm3 chambers of our system were constructed of transparent Plexiglas 
(3 mm XT type 20070; light transmission 95%). Dark chambers for measuring Reco were 
constructed of opaque PVC, covered with opaque insulation, with reflective aluminum 
surface on the outside. Using extension bases, chamber height was adjusted to the canopy 
height. Chambers were placed on the plastic frames that were inserted 7 cm into the ground. 
They were sealed to the collars with a flexible rubber gasket and then firmly secured using 
elastic bands fastened onto the ground from two sides. Increased air pressure in the chamber 
was avoided by a 12 mm opening at the top of the chamber, which was closed after the 
chamber had been firmly secured on the base collar and before any records were taken. 
Circulation of air within the chamber was provided by three fans yielding a wind speed of 
1.5 m s-1. Change in chamber CO2 concentration over time was assessed with a portable, 
battery operated infrared gas analyzer (LI–820, LI–COR, USA).  
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Once steady state was attained, data were logged every 15 sec for 2 min. In all cases data 
were recorded within 3–5 min of placing the chamber onto the collars. CO2 fluxes were 
calculated from a linear regression describing the time dependent change in CO2 
concentration within the chamber. Influence of the CO2 concentration change on plant 
physiological response was ignored. By mounting dry ice packs inside and at the back of the 
chamber in the airflow, temperature during measurements could be maintained within 1°C 
relative to ambient. GPP was calculated from Reco and NEE according to Equation 5: 
  GPP = -NEE + Reco       Equation 5 
At the end of each day of CO2 flux measurement, the soil frames, except those established on 
the bare soil plots (no vegetation) were replaced onto new locations for the next round of 
measurements. 
 
2.3.3.3 Above- and belowground biomass sampling 
After CO2 flux measurements, all the aboveground plant material within the 38 x 38 cm area 
enclosed by the collars was excised to ground level. The aboveground biomass was sorted 
into leaves, stems and dead material. After sorting, the respective leaf areas (LA) were 
determined with leaf area meter (LI−3000A, LI−COR, USA). Using an 8 cm diameter soil 
corer, soil cores were obtained from the middle of the collar, after aboveground biomass 
harvest, down to 30 cm. The cores were divided in 0-10, 10-20 and 20-30 cm each, washed 
under running tap water, before oven-drying the sieved (2 mm mesh size) belowground 
biomass. All the biomass was oven dried to a constant weight at 85°C for at least 48 hours. 
Leaf area index (LAI) was determined from total LA within the 38 cm by 38 cm soil collars 
and then expressed per unit square meter for the respective crop fields. 
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2.3.3.4 Soil water content 
Volumetric Water Content (VWC) within the collars was determined through gravimetric 
method. Within each plot, two sets of soil cores were obtained with a 3 cm-diameter soil 
corer down to 30 cm. Each sample was immediately weighed to determine the fresh. Samples 
were later oven dried at 105°C to a constant weight before determining their dry weights. 
Gravimetric soil moisture content was determined as the relative change in weight between 
fresh and dry weights. In 2010, additional VWC at -10 and -30 cm depth, within each collar 
was measured using EC–5 soil moisture sensors (Decagon, WA, USA). The soil moisture 
sensors were installed at least two weeks before and replaced to new plots after CO2 flux 
measurements. 
 
2.3.3.5 Empirical description of canopy responses 
Empirical description of the measured NEE and GPP was performed with a non-linear least 
squares fit of the data to a hyperbolic light response model, also known as the Michaelis-
Menten or rectangular hyperbola model (Owen et al., 2007) 
 
      Equation 6 
 
where α is the initial slope of the curve and an approximation of the canopy light utilization 
efficiency (CO2/ photon), β is the maximum NEE of the canopy (µmol CO2 m-2 s-1), PAR is 
photosynthetic photon flux density (µmol photon m-2 s-1), γ is an estimate of the average 
ecosystem respiration occurring during the observation period (µmol CO2 m-2 s-1). Since the 
rectangular hyperbola may saturate very slowly in terms of light, we used the value calculated 
from αβ*PAR/(α*PAR+β) for high light intensity levels (PAR = 1500 µmol photons m-2 s-1) 
in this study. This value approximates the potential maximum GPP and can be thought of as 
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the average maximum canopy uptake capacity during each observation period (noted here as 
(β+γ)1500). The parameters (β+γ)1500 (e.g. NEE at PAR = 1500 µmol m−2 s−1) and  γ were 
estimated for each day using NEE data from the four measurement plots per day. 
Statistical analysis and best fits for light and temperature response curves were performed 
using Sigma Plot version 11.0. 
Analysis of short-term temperature sensitivity of Reco was made for the daytime Reco using the 
Lloyd & Taylor respiration equation (Lloyd and Taylor, 1994; their Eq. (11)). 
Reco = RecoRef,283exp(E0(1/(283.15−T0))−(1/(TK−T0)))     Equation 7 
where TK is soil temperature (in K), E0 is a parameter describing Reco sensitivity to 
temperature, T0 is a temperature scale parameter (kept constant at T0 = – 46.02°C) and 
RecoRef,283 (µmol CO2 m−2 s−1) is the ecosystem respiration rate at reference temperature 
(283.15K = 10°C). 
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2.4. Results 
2.4.1. Microclimate 
Weather conditions during 2009 and 2010 are summarized in Figure 9. In both years, daily 
maximum solar radiation approached the annual maximum of 28 ± 2 MJ m-2 d-1 in June and 
then declined gradually to low values of approximately 17 MJ m-2 d-1 by mid September 
(Figure 9A & B, PAR measured within the chamber is shown as discrete points). Air 
temperature increased steadily from spring, reaching maximum values of 25°C in August 
(Figure 9C & D). The amount of rainfall received between May and October was 1300 mm in 
2009 and 1283 mm in 2010 (Figure 9E & F). Intensive rainfall occurred during the summer 
monsoon, from late June to July 2009 and 2010. In 2010, the month of September also 
received large amounts of rainfall. VWC in the dryland crop fields ranged between 15.8 and 
30.2% (Figure 9E & F). For rice paddies the plots remained saturated (VWC = 40 – 45.1%) 
throughout the growing period. The mean daily vapour deficit (VPD) during the vegetation 
period was around 0.67 ± 0.35 kPa, the highest values occurring in May for both years 
(Figure 9G & H). 
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!  
Figure 9: Daily solar radiation measured at 2 m height outside and photosynthetic active 
radiation (PAR) measured at 50 cm height above the vegetation inside the CO2 flux chambers 
during 2009 (A) and 2010 (B). Mean air temperature at 2 m height outside and at 20 cm height 
inside the CO2 flux chambers in 2009 (C) and 2010 (D). Volumetric water content (VWC) 
within 30 cm soil profile and daily precipitation during 2009 (E) and 2010 (F), and mean daily 
vapor pressure deficit (VPD) in 2009 (G) and 2010 (H). Solar radiation, ambient air 
temperature and precipitation were measured from a weather station installed in open 
locations within the study site. Grey shaded area visualizes the period of the measurement 
campaigns. 
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2.4.2. Biomass and leaf area development 
The maximum leaf biomass in 2009 for radish, cabbage, potato, rice and bean were 
0.07 ± 0.01, 0.27 ± 0.05, 0.10 ± 0.03, 0.27 ± 0.05 and 0.35 ± 0.06 kg m−2, respectively, 
occurring between 49 and 110 days after planting (DAP) (Table 3A). The maximum LAI in 
2009 for the respective crops were 2.1, 3.7, 5.0, 6.3, and 6.7 m2 m-2 (Figure 10A & C). In 
2009 the total biomass (above plus belowground biomass) for radish, cabbage, potato, rice 
and bean were 0.48 ± 0.11, 0.55 ± 0.12, 1.44 ± 0.22, 2.54 ± 0.35 and 1.01 ± 0.26 kg m-2, 
respectively. In 2010, the respective peak leaf biomasses for radish, potato and rice were 
0.14 ± 0.02, 0.19 ± 0.00, 0.33 ± 0.04 kg m-2, while their respective total biomasses were 
0.53 ± 0.07, 1.85 ± 0.51 and 2.43 ± 0.24 kg m-2 (Figure 10B). The maximum LAI in 2010 for 
the respective crops were 2.8, 6.4 and 5.4 m2 m-2 (Figure 10B/D). Differences in magnitudes 
and the time when peak values were attained varied among crops and between the years. We 
compared above- and belowground biomass to the total biomass accumulated, in order to 
characterize the biomass distribution patterns. For radish, the ratio of biomass allocated to the 
belowground increased steadily during the development of the plant such that at maturity, 
almost 73% of total biomass was from belowground. Similar allocation pattern was observed 
in potato, with 83% of total biomass at maturity coming from belowground tissues. Cabbage 
had the lowest proportion of biomass allocated belowground, with only 4% of total biomass 
contributed by roots, at maturity. Both rice and beans showed relatively high biomass 
allocated to belowground organs (85 and 31%, respectively) during the early stages of 
growth, but this declined over the season. At the time of maturity, the respective allocations 
to the roots were only 21 and 7% of the total biomass. Similar patterns of allocation were 
observed in 2010.  
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!  Figure 10: Leaf area index (LAI) development of cabbage, radish, rice, bean and potato. The development 
of LAI are expressed in day of year (DOY) in 2009 (A) and 2010 (B) and day after planting (DAP) in 2009 
(C) and 2010 (D). 
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Table 3: Dry weight [kg/m2] of leaves, stems, root, grains and tuber during crop development in 2009 and 2010. Harvest was done after the CO2 plot measurements. DOY is 
day of year, DAP is days after planting, SD is standard deviation, and BG/Total is the percentage of belowground biomass to total dry weight. 
Year Crop DOY DAP Leaves SD Stems SD Root SD Grains SD Tuber SD Total SD BG/Total [%] 
2009 Radish 153 1 <0.01 0 <0.01 0 <0.01 0     <0.01 0 1.7 
  163 11 <0.01 0 <0.01 0 <0.01 0     <0.01 0 5.7 
  176 24 0.01 0 <0.01 0 <0.01 0     0.01 0 5.3 
  196 44 0.04 0 0.02 0 0.03 0     0.08 0.01 34.4 
  213 61 0.07 0.01 0.06 0.01 0.24 0.03     0.37 0.05 64.2 
  253 101 0.06 0.01 0.07 0.02 0.35 0.07     0.48 0.11 72.9 
 Cabbage 148 8 <0.01 0 <0.01 0 <0.01 0     0.01 0 14.8 
  162 22 0.04 0.02 0.02 0.01 <0.01 0     0.06 0.04 4.4 
  177 37 0.16 0.05 0.11 0.04 0.01 0.01     0.28 0.09 4.5 
  197 57 0.27 0.05 0.26 0.06 0.02 0.01     0.55 0.12 3.6 
 Potato 138 28 <0.01 0 <0.01 0 <0.01 0   0 0 <0.01 0 - 
  159 49 0.10 0.03 0.05 0.02 0.03 0.02   0.09 0.04 0.27 0.09 46.5 
  174 64 0.08 0.06 0.07 0.07 0.02 0.01   0.32 0.21 0.49 0.35 68.7 
  189 79 0.09 0.03 0.04 0.02 0.03 0.01   0.62 0.19 0.78 0.25 83.3 
  220 110         1.44 0.22 1.44 0.22 - 
 Rice 147 7 <0.01 0 <0.01 0 0.02 0     0.02 0.01 65.8 
  155 15 <0.01 0 <0.01 0 0.03 0.03     0.03 0.03 85.3 
  156 16 0.01 0 <0.01 0 0.01 0.01     0.02 0.01 42.8 
  164 24 0.02 0 0.01 0.01 0.03 0     0.06 0.02 48.6 
  175 35 0.05 0.01 0.01 0.01 0.16 0.11     0.23 0.13 71.1 
  203 63 0.27 0.05 0.37 0.12 1.17 0.54     1.81 0.7 64.7 
  260 120 0.25 0.02 0.84 0.15 0.54 0.08 0.91 0.1   2.54 0.35 21.2 
 Bean 169 44 0.01 0.01 0.01 0 0.01 0     0.03 0.01 31.4 
  179 54 0.03 0.01 0.02 0.01 0.01 0     0.05 0.02 19.4 
  202 77 0.11 0.06 0.12 0.07 0.03 0.01     0.26 0.14 12.3 
  235 110 0.35 0.06 0.49 0.14 0.07 0.02 0.1 0.03   1.01 0.26 7.2 
2010 Radish 205 44 0.12 0.01 0.06 0.01 0.13 0.01     0.32 0.03 40.8 
  227 66 0.14 0.02 0.08 0.01 0.32 0.04     0.53 0.07 59.8 
  243 82 0.08 0.01 0.06 0.01 0.38 0.01     0.5 0.04 36.6 
 Potato 152 36 0.05 0.01 0.02 0 0.01 0     0.08 0.02 12.5 
  157 41 0.09 0.04 0.06 0.04 0.01 0   0.02 0 0.18 0.08 17.7 
  174 58 0.14 0.02 0.13 0.04 0.02 0   0.38 0.01 0.67 0.07 59.4 
  186 70 0.19 0 0.18 0.03 0.02 0   0.86 0.06 1.25 0.1 70.4 
  210 94 0.18 0.02 0.26 0.03 0.02 0   1.38 0.45 1.85 0.51 76.2 
 Rice 181 37 0.04 0.01 0.03 0.01 0.02 0.01     0.09 0.02 23.3 
  208 64 0.19 0.03 0.35 0.07 0.11 0.04     0.65 0.14 17.0 
  232 88 0.33 0.04 1.13 0.11 0.23 0.05 0.49 0.07   2.17 0.27 10.8 
  261 117 0.24 0.04 0.9 0.06 0.21 0.06 1.08 0.08   2.43 0.24 8.5 
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2.4.3. Diurnal and seasonal patterns of ecosystem CO2 exchange 
Daily courses of Reco for three selected days in 2009 and 2010, representing phenological 
(early development, full maturity and senescence) stages, when measurements were 
conducted, are shown in Figure 11. Fluctuations in Reco were minor during the day, with 
small differences observed among the fields. Daily Reco patterns varied significantly during 
the season, increasing during crop development and decreasing after crop maturity (Figure 
11). Seasonal differences were largest in the cabbage and potato fields (Figure 12A & G). 
The maximum Reco measured in the cabbage fields was 34.4 ± 4.3 µmol m−2 s−1 at the end of 
June 2009 (DOY 177, Figure 12G), while the peak value in the potato fields was 16.6 ± 0.2 
µmol m−2 s−1 at the beginning of July (DOY 186 in 2010). Maximum Reco in the radish and 
bean fields were 20.2 ± 5.3 µmol m−2 s−1 and 12.1 ± 0.4 µmol m−2 s−1, occurring in late July 
and early August, respectively (see Figure 12E & H). The maximum Reco in the rice paddies 
was 3.8 ± 0.5 µmol m−2 s−1 around DOY 175 in 2009 and 7.4 ± 0.7 µmol m−2 s−1 around 
DOY 232 in 2010. The patterns and peak rates were repetitive during the two years. 
GPP increased from near-zero values at the beginning of the growth period to peak values 
between 20.0 – 63.0 µmol m−2 s−1 at maturity. Differences among crops were significant and 
peak GPP rates occurred at different times of the year. The maximum GPP in the cabbage 
and potato fields were 63.0 ± 7.2 and 39.5 ± 0.6 µmol m−2 s−1, occurring in early July and 
June, respectively. Peak GPP for radish, bean and rice were 32.5 ± 3.1, 27.3 ± 2.5 and 
21.8 ± 3.7 µmol m−2 s−1 observed around DOY 202, 214 and 208, respectively. GPP declined 
after crop maturity due to leaf senescence. The timing and the magnitude of peak GPP of 
rice, radish and potato were similar in the two years.  
For most crops, the largest NEE amplitude on a day coincided with the peak LAI during the 
year but the timing varied among crops. The highest NEE during clear days occurred between 
10h − 14h (Figure 11, negative NEE indicate net CO2 uptake from, while positive values 
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indicate net CO2 release back into the atmosphere by the ecosystem). Diurnal courses of NEE 
during three phenological (early development, full maturity, senescence) stages are 
summarized in Figure 11. Differences in peak NEE on any day between and among plots 
were correlated with biomass or LAI differences. The maximum NEE measured for potato 
and cabbage during 2009 were − 29.4 ± 0.4 and − 38.7 ± 6.6 µmol m−2 s−1, recorded around 
DOY 159 and 162, respectively. Peak NEE for radish, bean and rice were − 19.9 ± 3.1, 
− 18.5 ± 2.2 and − 15.4 ± 2.2 µmol m−2 s−1, respectively, occurring between mid and end of 
July 2009. The corresponding maximum NEE in 2010 were − 17.8 ± 3.4, − 20.0 ± 3.1 and 
− 21.0 ± 4.2 µmol m−2 s−1 for rice, potato and radish, respectively, occurring in July. After 
crop maturity, NEE declined to near-zero values. 
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Figure 11: Daily trends of net ecosystem CO2 exchange (NEE, closed symbols) and ecosystem respiration 
(Reco, open symbols) of potato, rice, radish, cabbage, and bean. Data points are means of respective fluxes 
measured on the four collar plots. None-uniformity of the Y-axes is due to different ranges of NEE 
magnitudes. 
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Figure 12: Seasonal trends of net ecosystem CO2 exchange (NEE, circle), ecosystem respiration (Reco, 
triangle), and gross primary production (GPP, diamond) of potato, rice, radish, cabbage, and bean in 
2009 and 2010. 
 
 86 
2.4.4. Parameterization of ecosystem CO2 exchange 
Physiological parameters derived from the hyperbolic light response model (Equation 6) are 
shown in Table 4. In all cases, the R2 values for the respective model fits ranged between 
0.91 and 0.99 (Table 4). α, β, (β+γ)1500, and γ varied significantly during the season and also 
among the crops. The maximum γ values in 2009 were 2.6, 4.9, 10.3, 28.0 and 7.9 
µmol m−2 s−1 in rice, potato, radish, cabbage and bean, while the respective (β+γ)1500 in 2009 
were 17.2, 23.0, 32.2, 38.8 and 24.3 µmol m−2 s−1. In 2010, peak (β+γ)1500 was 
33.6 µmol m−2 s−1 in potato, 23.6 µmol m−2 s−1 in rice and 40.1 µmol m−2 s−1 in radish. These 
values were close to the actual GPP determined directly from measurements (y = 0.944x, 
R2 = 0.84). Differences among the crops and also during the season were significant. Light 
use efficiency (α) increased between May and July, associated with the period of crop 
development, increasing LAI, air temperature and PAR. The maximum α values were 
different among crops and were attained at different times. This was also the case with β. 
After full crop maturity, there was a decline in α and β.  
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Table 4: Parameters and quality of the empirical light-response model in 2009 and 2010 for single day measurements of NEE and Reco. 
Shown are mean values, standard error for each parameter, and mean R2. α is the initial slope of the light-response curve and an 
approximation of the canopy light utilization efficiency (µmol m–2 s–1), β is the maximum CO2 uptake rate of the canopy (µmol m–2 s–1), γ 
is the average daytime ecosystem respiration (µmol m–2 s–1) and (β+γ)1500 is the potential maximum GPP at maximum radiation 
intensities. 
 
 Year DOY DAP Crop γ S. E. α S. E. β S. E. R
2 (β+ γ)1500 
2009 189 79 Potato 4.87 0.27 -0.08 0.01 -28.43 1.28 0.97 23.03 
 196 44 Radish 10.27 0.32 -0.11 0.01 -40.21 1.37 0.98 32.23 
 197 57 Cabbage 27.98 0.66 -0.17 0.04 -45.91 2.23 0.97 38.83 
 202 77 Bean 7.85 0.47 -0.11 0.02 -28.67 1.25 0.95 24.30 
 203 63 Rice 2.64 0.19 -0.06 0.00 -21.50 0.67 0.98 17.16 
2010 152 36 Potato 5.77 0.27 -0.05 0.01 -18.66 1.06 0.95 14.82 
 157 41 Potato 11.49 0.45 -0.08 0.01 -34.74 1.80 0.97 26.64 
 174 58 Potato 11.23 0.37 -0.11 0.01 -28.04 1.08 0.96 24.00 
 186 70 Potato 15.13 0.71 -0.10 0.01 -43.84 2.16 0.97 33.59 
 210 94 Potato 10.82 0.63 -0.03 0.00 -40.27 6.68 0.91 20.81 
 181 37 Rice 8.42 0.50 -0.03 0.01 -11.89 2.09 0.92 9.48 
 208 64 Rice 4.31 0.21 -0.07 0.01 -30.37 1.25 0.99 23.63 
 232 88 Rice 6.85 0.28 -0.06 0.00 -27.93 1.05 0.97 20.87 
 261 117 Rice 3.02 0.12 -0.02 0.00 -5.34 0.53 0.95 4.49 
 205 44 Radish 12.42 0.55 -0.13 0.02 -50.24 2.92 0.97 40.07 
 227 66 Radish 13.69 0.58 -0.16 0.04 -22.10 1.29 0.93 20.22 
 243 82 Radish 11.19 0.34 -0.08 0.01 -27.52 1.38 0.97 22.44 
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2.4.5. Regulation of CO2 exchange 
Among the micrometeorology variables, only PAR showed a significant (R2 ≥ 0.9, P < 0.05) 
influence on daily GPP (Figure 13A), with GPP saturating at PAR < 1000 µmol m-2 s-1 for 
most crops. GPP was curvi-linearly correlated with LAI, saturating at LAI > 2, which was 
unusually low (Figure 13B). Seasonal GPP changes were also positively correlated with α for 
most crops (Figure 13C). Since LAI and biomass were positively correlated for all the crops 
(Figure 13D), we anticipated similar relationships between GPP and biomass. There was a 
positive correlation (R2 = 0.67) between GPP and Reco for all the crops (Figure 14A). The 
proportionate increase in GPP was however higher compared to Reco, giving a net positive C-
balance. Except for cabbage and bean, Reco was positively correlated with soil temperature in 
the dryland crops (for radish, R2 = 0.66; potato, R2 = 0.70) (Figure 14B). For rice paddy, a 
stronger correlation existed between air temperature and Reco compared to soil temperature 
(see Figure 14B, R2 = 0.62). 
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!  Figure 13: (A) response of GPP to changing light intensities among different crops during 2009; (B) 
changes in the maximum gross primary production (GPPMax) in response to changes in leaf area index 
(LAI) during the growing season in potato, radish, cabbage, bean and rice; (C) correlation between light 
use efficiency (α) and GPPMax (note: data during the senescence are excluded); and (D) relationship 
between total biomass and LAI during development of the respective crops. 
 
!  Figure 14: (A) relationship between GPP and Reco in all the studied crops; (B) response of ecosystem 
respiration (Reco) for potato (closed circle), radish (open circle), bean (open triangle up), and cabbage 
(closed triangle up) to soil temperature (Tsoil) and for rice (square) to air temperature (Tair). Data points in 
A are means for the respective crops during the entire growth period. 
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2.5. Discussion 
2.5.1.  Biomass production and leaf area development 
Biomass and LAI development differed among the crops (Table 3, Figure 10) likely as a 
result of differences in growth patterns, α and carbon allocation patterns. In cabbage, for 
example, the proportion allocated to the roots was only 4% of the total biomass and the rest 
was directed to the aboveground biomass, especially for leaf development (Table 3), 
contributing to rapid growth of its aboveground biomass. On the contrary, crops with higher 
allocation to the roots throughout their growth period such as radish tended to mature slowly. 
Carbon allocation patterns influence plant growth rate, with consequences on CO2 exchange, 
while the interactions among LAI, α and climate variables, particularly light, determine the 
CO2 uptake rates (GPP) of the ecosystem (Baldocchi et al., 1994). 
 
2.5.2.  Diurnal and seasonal variations of CO2 exchange 
Variations in seasonal patterns, magnitudes and the timing of maximum NEE, Reco and GPP 
observed among crops were likely the result of LAI and α differences (Figure 11 & 12). For 
both years, planting was done at peak radiation intensities and air temperatures during the 
year (Table 1, Figure 9), conditions that support maximum CO2 exchange between vegetation 
and the atmosphere (Mooney, 1972). There was also no water stress recorded during the 
study. Given that the crops were subjected to similar environmental conditions, we can 
confidently conclude that weather and soil moisture were not sources of variations among 
crops. Our GPP rates were in the range reported for monocultures of similar crops elsewhere, 
e.g. 36.4 − 70.0 µmol m−2 s−1 for potatoes (Lawson et. al., 2001; Fleischer et al., 2008), 21.9 –
 36.8 µmol m−2 s−1 for radish (Jablonski, 1997; Usuda and Shimogawara, 1998), 22.7 − 43.1 
µmol m−2 s−1 for soybean (Baker et al., 1993; Suyker et al., 2005) and 16.0 − 45.4 
µmol m−2 s−1 for Asian rice (Saito et al., 2005; Alberto et al., 2009). Compared to the rest of 
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the crops, GPP of cabbage appeared exceptionally high. It is likely that these high GPP are 
promoted by the high respiration in cabbage. Zhenxian et al. (1993), Bunce (2000) reported 
GPP values of 13.0 − 45.0 µmol m−2 s−1 for Chinese cabbage (Barassica rapa).  
In fast growing crops like potato and cabbage, peak GPP occurred in June, whereas for radish, 
rice and bean, maximum GPP occurred in July/August, with an overlap in their peak GPP 
(Figure 12). Thus, even though maximum CO2 uptake in single crops only lasted a couple of 
weeks, the effect of staggered peak GPP among the different crops resulted in extended 
period of high CO2 uptake in this multicultural cropping landscape.  
Our Reco measured for most crops fall within the range of Reco rates measured in similar crop 
fields elsewhere. Compared to the other crops, cabbage exhibited relatively higher Reco. For 
example Saito et al. (2005), Suyker et al. (2005) and Alberto et al. (2009) reported Reco rates 
of 3.0 – 7.7 µmol m−2 s−1 in rice paddies. Values reported for beans are 11.1 – 12.7 
µmol m−2 s−1 (Suyker et al., 2005; Hernandez-Ramirez et al., 2011) and 3.5 – 11.2 
µmol m−2 s−1 for potatoes (Lawson et al., 2001). We observed significant variations in 
respiration rates among the crops. Since they were grown on similar soils, with no water 
stress during the growing season, we assume that spatial differences in Reco among the fields 
were due to differences in GPP. This argument is based upon the observed positive 
correlation between GPP and Reco (Figure 14A).  
The balance between GPP and Reco determines daily and seasonal NEE (Falge et al., 2002b). 
Except for cabbage and potato, which exhibited peak NEE rates > 20 µmol m−2 s−1, most 
measured crops had their peak NEE between − 15.4 and − 19.7 µmol m−2 s−1 in both years. 
The distribution of daily maximum NEE on both sides of the peak rates was dome-shaped. 
For most crops, our measured peak rates are comparable to those reported for monocultures of 
the same crops elsewhere. For example, peak NEE ranged between – 8.0 to – 29.5 
µmol m−2 s−1 in rice paddies in southern Korea and western Japan (Moon et al., 2003; Saito et 
al., 2005). Falge et al. (2002b), Suyker et al. (2005), Hernandez-Ramirez et al. (2011), 
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reported peak NEE of − 6.8 to − 21.1 µmol m−2 s−1 in monocultures of bean in Europe and 
USA. The range for mean NEE reported for soybean was − 9.09 to − 29.5 µmol m−2 s−1 
(Baker and Griffis, 2005). Values of – 8.0 to – 35.0 µmol m−2 s−1 are reported for European 
croplands (Béziat et al., 2009). Similarities in NEE between our fields and monocultural 
fields elsewhere likely arise from comparable microclimatic, soil moisture and management 
conditions. Our NEE rates for potato and cabbage were however higher than – 11.4 
µmol m−2 s−1 to − 31.6 µmol m−2 s−1 reported for potato and cabbage, respectively (Sale, 
1977; Elsgaard et al., 2012). We speculate that higher fertilization rates in the Korean fields, 
in comparison, may be the reason for higher NEE for potato and cabbage. In general, peak 
NEE rates for the respective crops in this multicultural cropping system of Haean seem to 
compare favorably with monocultures of the same crops elsewhere.  
Carbon balance studies investigating seasonal phasing and amplitudes of respiratory and 
assimilatory processes show significant differences in the seasonal maximum potentials and 
patterns of maximum diurnal CO2 exchange of different ecosystems (e.g. C3/C4-crops, 
grasslands, wetlands, forests, tundra ecosystems) (Falge et al., 2002a; Suyker et al., 2005). 
Their maximum observed CO2 uptake values of the year are seen as signatures for the 
potential carbon sequestration capacity of the ecosystem. Croplands showed highest flux 
potentials, but the period of maximum (peak) CO2 exchange is generally limited to only 
several days (< 31 days) during the vegetation period for most mono-cultural croplands. In a 
multicultural landscape, different crops attained peak NEE at different times of the year. In 
some cases, there was an overlap in the period with peak NEE among crops (Figure 12). This 
means that the period of peak CO2 uptake was sustained for an extended period of time, than 
would be the case for monocultures of the same crops. The advantage offered by multicultural 
cropping system in terms of CO2 uptake, therefore, lies in the length of time with peak CO2 
uptake as a result of staggered peak GPP of the respective crops as well as the total period 
when the agricultural landscape is photosynthetically active. 
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2.5.3.  Regulation of CO2 fluxes among crops 
On a daily basis, GPP was a non-linear function of PAR, saturating at PAR > 1000 
µmol m−2 s−1. Seasonal changes in GPP were also a function of both LAI and α. Similar 
response patterns have been reported for other crops (Baldocchi, 1994). There was a positive 
correlation (R2 = 0.40 – 0.98) between α and LAI among different crops, suggesting that light 
use efficiency increases during the development of a crop (Suyker et al., 2005). This 
relationship is likely the result of increased chlorophyll quantity arising from increased leaf 
quantity and size (Kariya and Tsundoda, 1972; Lawlor et al., 1989). On the other hand, α is 
also controlled by Ribulose 1-5 Bisphosphate Carboxylase/Oxygenase (Rubisco) enzyme, 
whose function will depend both on its concentration and temperature (Bunce, 2000; Sage 
and Kubien, 2007; Sharkey et al., 2007). During our study, radiation, soil moisture and 
nutrients were never limiting plant growth, leaving LAI and α as the main determinants of 
GPP (Besford et al., 1990; Stitt and Schulze, 1994; Lawson et al., 2001; Parry et al., 2003; 
Murchie et al., 2008).  
In our case, the relationship between GPP and LAI varied strongly among crops. Although 
this is not unique to our study (Acock et al., 1978; Suyker et al., 2005; Gitelson et al., 2014), 
in most cases, the relationship is a linear function, unlike in our study, where it saturated at 
higher LAI. We attribute this to self-shading, which limits further increase in GPP after a 
given value of LAI is reached (Yoshida, 1981). In our case, this appears to occur at unusually 
low LAI. 
The interplay between carbon uptake and release through respiration is important for the 
determination of the overall C sink strength of the respective crops (West et al., 2011). We 
found that GPP significantly (P < 0.05, R2 = 0.67) influenced Reco (Figure 14A), which is due 
to increased maintenance respiration as root biomass increases (Gifford, 1994; Ma et al., 
2007). In addition, Reco was also influenced by temperature (Figure 14B). The seasonal trend 
of Reco observed among the crops may be in response to transport assimilate to the roots 
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(soil), which traces the pattern of plant growth and increasing air temperatures during the 
season. Assimilate deliver to the roots and exudation of sugars by roots into the soil stimulate 
root and soil respiration, respectively. Respiration was also positively correlated with air 
temperature, in most cases (Figure 14B). Poor correlation between air temperature and 
cabbage Reco draws from the nature of this crop. A large mass of cabbage tissues is enclosed 
in a ball of overlapping leaves, which remains wet throughout the year and is very well 
insulated. A combination of good insulation and water as a poor conductor of heat means that 
the bulk of internal tissues of cabbage that is actively involved in respiration is decoupled 
from external environment.  
Physiological parameters derived from light response curves accurately characterize the CO2 
exchange of the ecosystem (Gilmanov et al., 2003; 2007), e.g. (β+γ)2000 highly correlates with 
daily GPP for several ecosystems (Owen et al., 2007). In our study, the model output 
parameter (β+γ)1500 was highly correlated (R2 = 0.84) with the measured GPPmax and in most 
cases the measured fluxes were well-described by the empirical models. To describe the 
temperature dependence of Reco, we opted for the Lloyd and Taylor model, which unlike other 
models that take into account soil moisture as additional variable, is only driven by soil 
temperature. This decision was arrived at because there was no water stress at the study site 
during the measurements and soil water was never limiting to crop growth (Suyker et al. 
2004; Suyker et al., 2005; Reichstein et al., 2005). The strongest temperature regulation of 
Reco was from the top 0-10 cm soil profile (Figure 14B).  
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2.6. Conclusion 
We observed strong differences in the diurnal and seasonal trends of CO2 flux rates (GPP, 
Reco, NEE) and their magnitudes among radish, potato, cabbage, soybean and rice. While 
PAR controlled diurnal fluctuations in GPP and NEE, seasonal differences among and within 
crops were attributed to a changing LAI and α. These differences among crops resulted in a 
high spatial variability of maximum GPP and different timing of their peak annual CO2 
assimilation. The staggered peak GPP rates, therefore, prolong the period of active CO2 
uptake, unlike in monocultural crops grown under comparable environmental conditions 
where this peak phase is likely to be shorter. Reco was temperature controlled, but spatial 
differences in Reco observed among crops were likely the result of variable GPP. Differences 
among crops were significant, hence modeling approaches need to consider the heterogeneity 
in ecosystem CO2 exchange associated with these multicultural agriculture landscapes.  
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3.1. Abstract: 
Rice (Oryza sativa L.) is a primary food crop that supports more than half the world 
population. Paddy rice accounts for more than 75% of the total global rice production but 
requires large amounts of water for irrigation. Increasing water scarcity, however, raises 
concerns regarding the sustainability of paddy rice production and highlights the need for 
alternative approaches. Improved rice varieties that require less water, are drought tolerant 
and which can be directly seeded offer promising alternatives. In this study, we evaluated the 
performance of an improved rice variety (Oryza sativa subsp. Japonica cv. Unkwang) grown 
under direct seeding and rainfed (RF) cultivation. Aboveground biomass and leaf area 
development were measured every month by destructive harvesting. Canopy net ecosystem 
CO2 exchange (NEE) and ecosystem respiration (Reco) were measured using chambers. Gross 
primary production (GPP) was calculated from NEE and Reco. The maximum green leaf area 
index (GLAI) attained under rainfed agriculture was 4.9 ± 0.5 m2 m-2 compared to 
5.4 ± 1.1 m2 m-2 in the conventional paddy rice (PR) production system. The respective peak 
total aboveground biomasses were 2.16 ± 0.28 and 1.85 ± 0.27 kg m-2 while the corresponding 
grain weights were 1.16 ± 0.09 and 1.19 ± 0.10 kg m-2, amounting to total yields of 
6.61 ± 0.22 and 5.99 ± 0.68 t/ha-1 for PR and RF, respectively. The maximum daily 
cumulative GPP were 11.1 and 12.0 gC m-2 d-1, respectively, occurring at peak season, 
corresponding to maximum photosynthetic active radiation (PAR) and GLAI. On a daily 
basis, PAR explained >82% of the daily fluctuations in GPP while >90% of the seasonal 
changes in GPP were due to changes in GLAI and light use efficiency (α). Higher α in RF 
was attributed to higher leaf nitrogen (N) content. With adequate soil moisture supply, the 
Unkwang variety demonstrated the potential to grow under rainfed agriculture with 
comparatively good amount of yield. Since direct seeding, as in rainfed agriculture, eliminates 
the need for prior flooding of plots, it maximizes the use of early rainfall, which could be a 
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water saving strategy and a reason to promote the introduction of Unkwang variety in the 
paddy rice-dominated Asian farming system. 
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3.2. Introduction 
Rice (Oryza sativa L.) is a primary food crop supporting more than half the world’s 
population and covers about 150 million hectares of land (Bouman, 2007). Worldwide, most 
rice production is done through flooding or paddy cultivation (Barker et al., 1999). Increasing 
water scarcity due to droughts and competing demands for water resources (IPCC, 2008) 
from growing domestic and industrial uses however, threaten the current production practices, 
raising the need for alternative production approaches. In this regard, the development of 
improved varieties that require less water or are more drought tolerant has been promoted 
(Barker et al., 1999). The culture of direct-seeded rice grown in unsaturated soils is another 
promising way to reduce irrigation requirements by more than half, compared to the 
conventional paddy rice (IRRI, 2002; Kato et al., 2006a; Okami et al., 2013).  
In paddy rice (PR) fields, the amount of water that directly supports production is the 
transpired water since it is directly linked to CO2 uptake, plant growth and yield. The bulk of 
the water in the flooded field is not directly related to production and is either re-directed back 
to the streams, percolated or evaporated. Thus, production systems that only supply the 
evapotranspiration demands could be a big saving on water resources and are environmentally 
friendlier (Toung and Bouman, 2003). Dry-seeded, rainfed rice (RF) offers an alternative to 
rice farmers, especially in Asia, where PR production is more or less cultural and does not 
accommodate alternative crops as a means of ensuring food security. RF production is already 
being experimented in some parts of Asia as an alternative to the traditional PR (Kato et al., 
2006a). Although most results from these trials show yield losses of between 20 – 30% 
caused by drought (Okami et al., 2013), there are indications that yields of up to 8 – 11 t ha-1 
(typical of paddy rice) are tenable with proper management (Okami et al., 2013). The dry-
seeded RF technology may thus offer an opportunity for rice production through efficient use 
of ambient rainfall. 
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The main challenge to RF production however, is to supply adequate water that replaces daily 
evapo-transpiration and ensuring that photosynthesis proceeds uninterrupted. High 
transpirational water demand that occurs almost on a daily basis during midday, when vapor 
pressure deficit (VPD) is high, potentially lowers production, since plants close their stomata 
in order to check runaway cavitation at the expense of CO2 fixation (Sperry, 2000). On an 
annual basis, this could lead to a significant reduction in yield. RF may improve water uptake 
through increased root biomass, or physiological adjustments by re-directing assimilates to 
the roots to increase the root osmoticum (Munns, 1988; Kato et al., 2007; Wada et al., 2014). 
In such cases however, resources that could be used in grain production are re-directed in 
order to increase the plant’s water uptake capacity, potentially lowering yield.  
While PR may be spared such a reduction in productivity because it stands in saturated soil, it 
faces a different challenge that may also effectively reduce shoot water supply and result in 
water stress during the day. Flooding of paddy fields limits oxygen diffusion into the soil, 
creating an anoxic soil substrate. Plant roots must, therefore, rely on oxygen supply from the 
surface, transported by the aerenchyma to the root apex (Moog and Brüggemann, 1998; 
Busch, 2001; McDonald et al., 2002; Colmer et al., 2003). To minimize radial oxygen losses 
during transport, large sections of the roots are often suberized (i.e. deposition of suberin, a 
hydrophobic plant polymer, on the cell walls and in the intercellular space), effectively 
blocking water flow through the apoplast, such that the roots can no longer take part in water 
uptake. In this case, water uptake is restricted to the short, narrow portions near the root apex 
of the deep roots, which remain unsuberized (Ranathunge et al., 2004; Kotula et al., 2009). 
This must effectively lower the efficiency of water uptake in PR and could result in transient 
water stress and stomatal closure during midday, when light conditions and temperature are 
most conducive for plant production. In this case, flooding may not offer any advantage to 
PR, unless through the dampening the VPD above the canopy. Incorporating cultivars with 
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efficient water and nutrient uptake and transport into the RF production offers an opportunity 
to respond to the challenges associated with rice production (Kato et al., 2006a).  
In this study, we experimented on a new rice cultivar (Oryza sativa L. subsp. Japonica cv. 
Unkwang) that has been developed from a high yielding, cold tolerant and early maturing 
variety to accommodate the demands of the northern plains and mountainous areas of South 
Korea (Kim et al., 2006). The Unkwang rice variety was grown under both the rainfed and 
conventional paddy production systems for comparison. Our hypotheses were that under 
adequate soil moisture supply, the Unkwang rice grown in a rainfed system: a) maintains 
similar rates of CO2 uptake and light use efficiencies compared to that in a paddy system, and 
b) does not alter C allocation patterns in comparison to the paddy condition. Under such 
circumstances we anticipated similarities in crop development and yield between RF and PR. 
 
3.3. Materials and Methods 
3.3.1. Study site 
The study was conducted during the growing period of 2013 at the Chonnam National 
University’s research farm (35° 10' N, 126° 53' E, alt. 33m) in Gwangju, Chonnam province, 
South Korea. Chonnam province is one of the major rice growing regions of S. Korea, with a 
typical East Asian monsoon climate, a mean annual temperature of 13.8°C and precipitation 
of between 1391 and 1520 mm/yr (1981–2010). More than 60% of precipitation occurs 
during the summer monsoon season (July to August). The top soil layer (0 – 30 cm) is 
categorized as loam (Sand 388 g kg−1, Silt 378 g kg−1, Clay 234 g kg−1), with a pH 6.5, Corg 
12.3 C g kg−1, available P 13.1 mg P2O5 kg−1, CEC 14.4 c molc kg-1, and total N before 
fertilization of 1.0 g N kg−1. 
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3.3.2. Experimental design/Description of the experimental plots 
An improved rice variety, Oryza sativa subsp. Japonica cv. Unkwang (Iksan 435 x 
Cheolweon 54) was cultivated as flooded paddy crop (PR) and as rainfed crop (RF) in two 
adjacent (separated by 100 m) experimental rice fields. PR was planted in 3 replicate blocks 
measuring 73.0 m x 19.5 m, with a perimeter cement wall. Sampling was confined to 8 m by 
8 m sub-plots at the center of the blocks to minimize edge effects. In the RF field, we 
demarcated 3 replicate plots measuring 37.5 m x 28.0 m for our measurements. These plots 
were randomly selected, but at the middle of the field to avoid edge effects too. In both PR 
and RF, the sample plots were accessed using footbridges to minimize disturbances of the soil 
and canopy.  
 
3.3.3. Field management 
Measurements were conducted during the 2013 growing season. The rice seedlings were 
grown for 4 weeks as seedling mats in the greenhouse, before being transplanted into the PR 
field, whereas in RF the rice was directly seeded. Management practices and planting dates, 
including rice transplanting and harvesting days are summarized in Table 5. Fertilization rate 
of 115 kg N/ha (80% as basal dosage and 20% during the tillering stage) for PR and RF were 
done before transplanting and at seeding stages, respectively, at a ratio of 11 : 6 : 5 
(N : P : K), following the recommendations of the Korean Ministry of Agriculture, Food and 
Rural Affairs (MAFRA). Rice in RF and PR were planted at a distance of 10 cm and a line 
spacing of 30 cm at a seed-density of 50.48 kg/ha. The PR field was kept flooded from 5 days 
before transplanting until the heading stage (late July). Irrigation water in PR was applied 
when the water level decreased below 5 cm above the soil surface. The RF field was never 
irrigated and relied entirely on the ambient rainfall. Weeds and insects were controlled with 
herbicides and insecticides, respectively.  
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Table 5: Field management of the study site in 2013 in Gwangju.  
Event Date Paddy Rice Date Rainfed Rice 
Plowing 10.05.13 17.04.13 
Flooding 14.05.13 – 
Herbicides application 16.05.13 – 
Basal fertilization 19.05.13 22.04.13 
Transplanting / Planting 20.05.13 22.04.13 
Pesticides application 20.05.13 26.04.13 
Herbicides application – 06.05.13 
Manual weeding – 22.05.13 
Herbicides application – 25.05.13 
Manual weeding – 20.06.13 
Supplemental fertilization 07.06.13 09.06.13 
Harvest 07.10.13 10.10.13 
 
 
3.3.4. Microclimate 
Meteorological variables, including air temperature, humidity, precipitation and global 
radiation were continuously measured with a 2 m high automatic weather station (AWS, WS-
GP1, Delta-T Devices Ltd., UK). Data were recorded every 5 minutes, averaged and logged 
half-hourly. Additionally, discontinuous records of photosynthetic photon flux density 
(PPFD, LI−190, LI−COR, USA) within the transparent CO2 measurement chambers (approx. 
50 cm above ground surface), air temperature (Tair) at 20 cm height inside and outside the 
CO2 chambers (Digital thermometer, Conrad, Hirschau, Germany) and soil temperature (Tsoil) 
at 10 cm soil depth (Soil thermometer, Conrad, Hirschau, Germany) within the soil frames 
were taken during the CO2 flux measurements. Data were recorded every 15 s alongside CO2 
fluxes. This allowed closer monitoring of the internal chamber microclimate, in order to relate 
the CO2 fluxes to the actual conditions within the chambers during measurements. 
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3.3.5. Soil water content 
Volumetric soil water content (VWC) at 30 cm depth was measured at several locations close 
to the collars using EC – 5 soil moisture sensors (Decagon, WA, USA). The sensors were 
installed 1 week before the onset of CO2 flux measurements and kept in the field throughout 
the season. Data were logged every 30 min using EM50 data-logger (Decagon, WA, USA). 
 
3.3.6. CO2 flux measurement with chambers 
In each treatment block, 4 soil frames (collars) enclosing healthy, representative crops (crop 
plots) and 3 bare plots (soil plots) were established in June 2013, several days before the 
commencement of CO2 flux measurements. Each collar enclosed an area measuring 39.5 cm 
by 39.5 cm, providing a base for the removable CO2 chambers. Repeated measurements were 
conducted on the same collars on selected days during the growing season (Table 6). 
Measurements were carried out between 06 – 18h (12 cycles per day), at least once every 2 
weeks between June and September 2013. Most CO2 flux measurements were performed on 
sunny days, when peak (midday) light intensity was >1300 µmol m-2 s-1. Net ecosystem CO2 
exchange (NEE), ecosystem respiration (Reco) and soil respiration (Rsoil) were sequentially 
observed with a systematic rotation over all plots using climate-controlled, manually 
operated, transparent and opaque chambers, respectively as described by Otieno et al. (2012), 
Lindner et al. (2014). The chambers measured 40 x 40 x 54 cm3. Change in chamber CO2 
concentration over time was assessed with a portable, battery operated infrared gas analyzer 
(LI–820, LI–COR, USA).  
CO2 fluxes were calculated from a linear regression describing the time dependent change in 
CO2 concentration within the chamber. Influence of the CO2 concentration change on plant 
physiological response was ignored. Internal chamber temperature during the measurements 
was maintained within 1 °C relative to ambient, using dry ice packs mounted at the back of 
the chamber.  
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Gross primary production (GPP) was determined as: 
  GPP = -NEE + Reco      Equation 8 
where Reco is Ecosystem respiration = the sum of plant respiration (RP) and soil respiration 
(Rsoil). 
 
3.3.7. Empirical description of canopy responses 
Empirical description of the measured NEE was performed with a non-linear least squares fit 
of the data to a hyperbolic light response model using Equation 9, also known as the 
Michaelis-Menten or rectangular hyperbola model (Owen et al., 2007) 
 
  
!
    Equation 9 
 
where α is the initial slope of the curve and an approximation of the canopy light utilization 
efficiency (µmol CO2 m-2 s-1/ µmol photons m-2 s-1), β is the maximum NEE of the ecosystem 
(µmol CO2 m-2 s-1), PAR is photosynthetic photon flux density (µmol photon m-2 s-1), γ is an 
estimate of the average ecosystem respiration occurring during the observation period (µmol 
CO2 m-2 s-1). Since the rectangular hyperbola may saturate very slowly in terms of light, we 
used the value calculated from αβ*PAR/(α*PAR+β) for high light intensity levels (PAR = 
1500 µmol m−2 s−1) in this study. This value approximates the potential maximum GPP and 
can be thought of as the average maximum canopy uptake capacity during each observation 
period (noted here as (β+γ)1500). The parameters (β+γ)1500 (e.g. NEE at PAR = 
1500 µmol m−2 s−1) and  γ were estimated for each day using NEE data from the four 
measurement plots per day. 
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Statistical analysis and best fits for light and curves were performed using Sigma Plot version 
11.0. 
 
3.3.8. Calculation of net-primary-production (NPP) 
Net primary production equivalent to canopy net assimilation rate (NPP) is defined as:  
NPP = GPP - Rp        Equation 10 
 
Replacing GPP with Equation 8 leads to Equation 11: 
NPP= -NEE + Reco – RP         Equation 11 
I.e., 
NPP = -NEE + Rsoil        Equation 12 
where soil respiration was described as being dependent on soil temperature (Tsoil) by the  
function of Lloyd and Taylor (Lloyd and Taylor, 1994), normalized to 15°C, 
! !!"#$$%& −−−= 000 11 TTTTEsoilrefsoil soilrefeRR        Equation 13 
where Tref and To are fixed to 15 and -46°C, respectively. E0 depicting increasing amplitude 
of Tsoil-temperature curve was considered to be a free parameter and was fitted to each data 
set. Rsoilref is reference soil respiration. Daily integrated NPP (NPPint) was interpolated based 
on the hourly measurements using the parameterized light curves and PAR data recorded at 
the automatic weather station. 
 
3.3.9. Biomass sampling 
After CO2 flux measurements, aboveground biomass enclosed by the 39.5 cm x 39.5 cm soil 
frame (for CO2 flux measurements) was harvested at 3 randomly chosen locations 
(representing 3 replicates) in RF and PR. The aboveground biomass was sorted into leaves, 
grains, culms and dead material. Green leaf area (GLA) was determined with leaf area meter 
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(LI−3000A, LI−COR, USA) from the sampled leaves. All the biomass was oven-dried to a 
constant weight at 85°C for at least 48 hours. Green leaf area index (GLAI) was determined 
from total GLA within the 39.5 cm by 39.5 cm ground area and expressed per unit square 
meter. 
 
3.3.10. Plant carbon and nitrogen determination 
Sub-samples from the dried biomass of the respective collars (for CO2 flux measurements) 
were ball-milled into fine powder, re-dried at 80°C and kept in a desiccator for further 
analysis. A small fraction of the dried samples (< 1 g) was analyzed for total carbon/ nitrogen 
(C/N) content (%) using C:N Analyzer 1500 (Carlo Erba Instruments, Milan, Italy). 
 
3.3.11. Statistical analyses 
Statistical analysis was performed using R (R Core Team, 2012). Significance level was set to 
P ≤ 0.05. All variables were tested for normal distribution (Shapiro–Wilk-test) and 
homogeneity of variance (Levene-test). The sample sizes were the same for both RF and PR; 
hence we performed student t-test. Factor interactions were examined through regression 
analyses using the Pearson correlation test. 
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3.4. Results 
3.4.1. Microclimate 
Weather conditions during the growing season are summarized in Figure 15. The daily mean 
maximum solar radiation during the measurement period occurred in July and was 25 ± 1 
MJ m-2 d-1 (Figure 15A). During NEE measurements using the transparent chambers, the light 
environments inside and outside the chambers were not significantly different. Inside the 
transparent chambers, the maximum PAR recorded during the measurements ranged between 
1500 and 1800 µmol m−2 s−1. Daily average air temperature increased steadily from 8°C in 
spring, to a maximum of 31°C in August (Figure 15B). Leaf temperatures were significantly 
different (p < 0.01) between PR and RF, but in each case the maximum temperatures of 
around 36°C in PR and 38°C in RF, were attained in August. The total amount of rainfall 
between May and September was 1028 mm (Figure 15C). Most of the rainfall occurred 
during late June to July, associated with the summer monsoon, and in September. VWC in the 
RF field ranged between 37.2 and 54.8% (Figure 15D), whereas the soils in PR were water-
logged throughout the growing season. Relative humidity (rH) was significantly higher (p < 
0.01) in PR then RF. The lowest rH occurred in August. Noon time average of rH was 78 ± 
1.4% in PR and 53 ± 2.3% in RF. Consequently, the mean daily vapor pressure deficit (VPD) 
was significantly lower (p < 0.01) in PR then RF. The highest averaged day-time VPD values 
during our measurements occurred in July with 1.62 ± 0.58 kPa for PR and in August with 
2.83 ± 0.93 kPa for RF (Figure 15D). 
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Figure 15: (A) Daily solar radiation measured at 2 m height and 
photosynthetic active radiation (PAR) measured at 50 cm height 
above the vegetation inside the transparent CO2 flux chambers, 
respectively, (B) mean air temperature at 2 m height outside and at 
20 cm height inside the chambers, (C) volumetric water content 
(VWC) within 30 cm soil profile and daily precipitation, and (D) 
mean daily vapor pressure deficit (VPD) at 2 m height in the open 
location, at 1 m above the paddy rice (VPD PR) and rainfed rice 
(VPD RF), respectively. 
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3.4.2. Daily and seasonal patterns of ecosystem CO2 uptake 
Examples of daily patterns of NEE and Reco for three selected days corresponding to early 
(DOY 181/182), mid (DOY 218/221) and mature (DOY 240/239) growth stages in paddy/ 
rainfed rice, respectively, are shown in Figure 16. On clear, sunny days, the maximum NEE 
during the day were recorded between 10h − 14h, with lower rates recorded during the earlier 
or later part of the day. Reco, however, remained relatively constant during the day.  
The mean maximum NEE rates during the vegetative period were -19.9±0.1 and -15.0±3.2 
µmol m−2 s−1 for PR and RF, respectively (Figure 16), while the respective maximum Reco 
rates during the same period were 5.9 ± 0.1 and 28.6 ± 0.8 µmol m−2 s−1. In both treatments, 
the timing of the peak NEE and Reco coincided with the maximum green leaf area index 
(GLAI), occurring in July and August for PR and RF, respectively. The maximum integrated 
NEE (NEEint) were -8.0 and -3.3 gC m-2 d-1 in PR and RF, respectively. NEEint was 
consistently, significantly higher in PR than in RF (Figure 17B). The daily integrated GPP 
(GPPint) increased during the growing period, attaining its maximum rates of 11.1 gC m-2 d-1 
in PR and 12.0 gC m-2 d-1 in RF, in July and August, respectively (Figure 17A). 
Unlike NEE, the NPP (a measure of net plant C exchange) of PR and RF were not 
significantly different and the seasonal patterns were relatively similar, except for the one 
month delay in peak NPP in the RF compared to PR (Figure 17C). The maximum integrated 
NPP (NPPint) were 8.2 gC m-2 d-1 in PR and in 10.3 gC m-2 d-1 in RF (Figure 17C). 
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Figure 16: Daily trends of NEE and Reco in paddy rice (left panel) and rainfed rice (right panel), with light 
intensities (PAR, black line) on selected days during the development period. Data points are means of 
respective fluxes measured on the four collar plots. 
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Figure 17: Seasonal changes in (A) daily gross primary production 
(GPPint), (B) daily net ecosystem exchange (NEEint) and (C) net primary 
production (NPPint) of paddy (black circles) and rainfed rice (grey circles) 
derived from α and β of the hyperbolic light response curve (Table 6).  
 
More than 80% of the daily fluctuations in GPP, both in the PR and RF (Figure 18), were 
explained by PAR. The functional relationship between GPP and PAR was, therefore, used to 
derive canopy physiological parameters for describing canopy physiology at different stages 
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of crop developmental (Table 6). Simulated potential maximum canopy GPP at near-
saturating PAR (= 1500 µmol m−2 s−1), i.e. ((β+γ)1500) were 25.3 and 27.4 µmol m−2 s−1 in PR 
and RF, while the respective maximum quantum yields (or light use efficiency, α) were -
0.047 and -0.098 (µmol CO2 m-2 s-1/ µmol photons m-2 s-1). 
 
Figure 18: Response of CO2-Assimilation to changing light intensities of paddy (left panels) 
and rainfed (right panels) rice representing three distinct phenological stages (Top panels – 
initial growth season, middle panels – mid season, lower panels – maturity) during the 
development of the rice crop.  
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Table 6: Quantum yield (α), Potential maximum GPP and the coefficient of determination (R2) of the 
relation between NEE and PAR in A) paddy (PR) and B) rainfed rice (RF) in 2013. 
DOY γ S. E. α S. E. β S. E. R2 (β+γ)1500
A) PR 158 0.66 0.04 -0.006 0.001 -3.51 0.22 0.96 2.56
161 0.83 0.04 -0.007 0.001 -8.71 1.32 0.89 4.70
171 2.45 0.26 -0.019 0.002 -18.32 6.53 0.96 11.17
182 4.15 0.28 -0.036 0.008 -25.27 1.16 0.97 17.20
197 4.70 0.40 -0.047 0.007 -39.59 3.43 0.95 25.31
218 4.50 0.23 -0.035 0.003 -39.50 2.74 0.97 22.40
240 3.15 0.23 -0.025 0.005 -13.53 1.90 0.85 9.95
B) RF 157 4.06 1.04 -0.009 0.010 -3.47 0.70 0.86 2.77
166 7.16 0.47 -0.011 0.002 -14.24 1.71 0.93 7.51
181 7.85 0.16 -0.047 0.005 -15.21 0.56 0.97 12.52
199 15.40 0.29 -0.098 0.012 -29.79 1.19 0.99 24.76
221 15.69 0.36 -0.090 0.012 -34.34 0.53 0.97 27.38
239 8.62 0.28 -0.055 0.006 -30.04 1.55 0.95 21.98
 
 
3.4.3. Biomass, leaf area and leaf N content 
The total aboveground biomass (leaves, stems and grain) was 1.85 ± 0.27 and 2.16 ± 0.28 kg 
m−2 of which 0.24 ± 0.06 and 0.31 ± 0.05 kg m−2 was apportioned to the leaves in PR and RF, 
respectively. Peak biomass was attained in July in the PR fields, while it occurred a month 
later in RF, coinciding with the respective peak green leaf area index (GLAI) of 5.4 ± 1.1 and 
4.9 ± 0.5 m2 m−2 (Figure 19A & B). Total crop yield (harvested grain) was 1.19 ± 0.10 and 
1.16 ± 0.09 kg m−2, which was equivalent to 6.61 ± 0.22 and 5.99 ± 0.68 t ha−1 in PR and RF, 
respectively. While RF fields had 0.62 t ha−1 more yield than PR, the two were not 
significantly different. We however, observed significant differences between PR and RF in 
their C allocation patterns (i.e. allocation to the leaf, stem and grain) (see Table 7). During the 
early stages of growth, a large proportion of carbon was directed to leaf development both in 
the PR and RF. At maturity, grains accounted for 64.4 and 53.9% of the total aboveground 
biomass in PR and RF, respectively. Leaf N content was significantly higher in RF than PR 
and leaf N content declined with age (Table 7).  
 
 127 
Table 7: Percentage of carbon allocated in the aboveground biomass for the respective 
crop organ and leaf nitrogen content in paddy and rainfed rice. 
DOY Leaf-C [%] Culm-C [%] Grain-C [%] Leaf-N [%] 
A) Paddy Rice  158 65.52 34.48  4.41 
161 59.96 40.04  4.64 
171 45.66 54.34  2.88 
182 48.94 51.06  3.12 
197 28.93 71.07  2.77 
218 15.28 39.39 45.33 2.58 
240 6.34 29.27 64.39 1.42 
B) Rainfed Rice 157 62.50 37.50  5.24 
166 65.00 35.00  4.79 
181 32.54 67.46  4.39 
199 36.03 63.97  3.72 
221 22.07 58.20 19.74 3.58 
239 10.96 35.10 53.89 3.05 
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Figure 19: Dry weight [g DM m-2] of leaves, culms, grains and green leaf area (GLAI) of the 
CO2-measurement chambers during crop development in A) paddy and B) rainfed rice. 
Harvest was done after the CO2 plot measurements.  
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3.4.4. Regulation of CO2 uptake 
At any time during the growing period, the maximum GPP rates (GPPmax) on a clear sunny 
day were linearly correlated (R2 = 0.87 and 0.98, for PR and RF, respectively) with GLAI 
(Figure 20A) and α (R2 = 0.89 and 0.96) (Figure 20B). Also, α was positively correlated 
(R2 = 0.93 and 0.94) with GLAI (Figure 20C). Compared to PR, RF demonstrated higher light 
use efficiency at higher GLAI. In both PR and RF, α was also sensitive to leaf N content and 
increased at higher leaf N content (R2 = 0.86 and 0.99, Figure 20D). 
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Figure 20: GPPmax response to (A) green leaf area index (GLAI) and (B) light use efficiency (α), while (C) 
describes the changes in α in response to changing GLAI and (D) the influence of leaf nitrogen (N) on light 
use efficiency (α) in the rainfed and paddy rice. 
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3.5. Discussion 
In paddy rice production, the common practice is to raise seedlings in seedbeds before 
transplanting them into flooded fields, a process which requires 3 – 4 weeks (Cabangon et al., 
2002). In the meantime, the prepared fields are flooded with water, awaiting seedling 
transplantation. Water loss through seepage and percolation during this period is estimated at 
25 mm d-1, while evaporation accounts for 2 mm d-1 (Tuong and Bouman, 2003). Direct 
seeding as in RF removes the need for irrigation and the idle period during land preparation 
(Bhuiyan et al., 1995), but the growing period is longer compared to PR (see Table 5). The 
amount of saved water, therefore, will depend on the balance between the reduction in water 
use caused by shortened land preparation and the increase in water use caused by the long 
vegetation period (Cabangon et al., 2002). Our study was, however, limited in capacity and 
could not provide these details. On the other hand, direct-seeded rice was planted earlier in 
the field compared to paddy rice. The amount of rainfall received between the two out-
planting periods was 63.9 mm. Given an evapotranspiration rate of 1.2 mm d-1 for a young RF 
field (Nay-Htoon et al., in prep.), we deduce that 52.6% of this rainwater was put to 
productive use. Early establishment of rice, therefore, promotes better use of early season 
rainfall, and may be associated with improved yield and reliability.   
A characteristic of paddy rice fields is the prevailing high humidity and low VPD above the 
rice canopy (Alberto et al., 2009), which supports full stomatal opening during midday, when 
radiation is at its peak. This ensures maximum CO2 assimilation and GPP rates at a time when 
transient water stress due to high VPD negatively affects CO2 uptake by the vegetation as a 
result of stomatal closure in most terrestrial plants (Wopereis et al., 1996; Alberto et al., 
2009). The mean maximum VPD measured in the PR field was 1.62 kPa compared to 2.83 
kPa in the RF field. VPD differences between the two fields, however, had no significant 
influence on leaf photosynthesis (Xue et al., subm.) and canopy GPP (Figure 16). Instead, 
canopy GPP (Figure 17A) in both PR and RF attained and sustained saturation rates during 
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most of the bright sunny days. In both cases, more than 80% of the daily GPP fluctuations 
were explained by PAR (Figure 18). Thus, we can speculate that, despite growing on non-
saturated soils, root water uptake by RF is potentially adequate to sustain the maximum 
photosynthesis, under environmental conditions similar to ours. This is demonstrated by 
similar NPP between PR and RF during the growing period (Figure 17C). It is however not 
clear why development stops and maturity attained earlier in the RF crops.  
While significant declines in VWC within the top 30 cm soil profile were recorded in RF 
during periods without rainfall (Figure 15C), the plants did not show signs of water stress. 
Possible reasons include 1) extensive rooting system that access stable soil moisture below 30 
cm depth (Kato et al., 2006b; Kato et al., 2007), 2) large root biomass (Kato et al., 2006a) and 
3) osmotic adjustment that facilitate effective water uptake from the drying soil (Munns, 
1988). Such adjustments, which promote improved soil water uptake, however, shift C from 
the aboveground organs and were likely to lower yield in RF (Munns et al., 1988). Alberto et 
al. (2013) reported maximum GPP rates of 30 µmol m−2 s−1 under moderate VPD, while GPP 
was not sensitive to declining VWC within the top 10 cm soil profile, as long as SWC in 
deeper soil layers (>15 cm) was >21%. They attributed such responses to large root biomass 
located in the soil layers deeper than >15 cm. In our case, the maximum GPP recorded for PR 
was 26.7 µmol m–2 s–1 compared to 43.1 µmol m–2 s–1 in RF (Figure 18). GPP rates reported 
previously for Asian paddy rice range between 10 and 56 µmol m–2 s–1 (Miyata et al., 2000; 
Campbell, 2001; Saito et al., 2005), while the rates reported for rainfed rice in Asia range 
from 4 – 40 µmol m–2 s–1 (Alberto et al., 2009, 2013; Centritto et al., 2009). Given that NPP 
was not significantly different between PR and RF, lower GPP in the PR compared to RF in 
our study was partly due to lower Reco measured in the PR field (ref. Equation 8). It is likely 
that a significant amount of CO2 generated from root and soil respiration was lost in the water 
column and was not registered by the analyzer. Diffusion rate of gases in the flooded 
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compared to dry soils is 100 times lower, leading to reduced gas exchange between root 
tissues and the atmosphere (Armstrong and Drew, 2002).  
In paddy rice, GPP is positively correlated with the aboveground biomass until maturity 
(Campbell et al., 2001; Alberto et al., 2013). This implies that the bulk of the NPP is allocated 
in the aboveground biomass (Smith et al., 2010), unlike in RF, where root development is also 
critical. Surprisingly, the maximum aboveground biomass recorded in RF was 2400 g m-2 
compared to 1800 g m-2 in PR (Figure 19). The need for structural support in RF could be one 
reason for higher C allocation to the culms compared to PR, which partially relies on 
hydrostatic support of the standing water. Approximately 13% of the total aboveground 
biomass was allocated to the leaves in PR compared to 29% in RF. The higher leaf mass in 
RF was predominantly due to increased leaf thickness as opposed to leaf area (higher specific 
leaf weight), since GLAI were not significantly different between them (Figure 19). This 
could be a strategy in RF to increase photosynthetic efficiency, while checking on run-away 
transpiration. Due to this high leaf biomass, RF potentially could perform higher productivity, 
contributing to the observed higher GPP. It is likely that a large portion of this productivity is 
invested in securing sufficient soil water uptake (Munns et al., 1988). Higher GPP in RF is 
supported by the higher specific leaf weight, higher leaf N content (Table 7) and higher 
quantum yield. That the total yield between PR and RF were not significantly different, 
despite significant differences in GPP was not surprising. We speculate that in addition to 
investing proportionately larger amounts of C in structural support of the erect stems, RF 
invested a significant amount of carbon in order to improve root water uptake through 
increased root biomass and osmotic adjustment. This needs further investigations and we 
recommend more studies along these lines. 
The yield in rain fed rice currently stands at 2.3 t ha-1 (Toung and Bouman, 2003), but 
drought-resistant cultivars produced yield levels of 5 – 6 t ha-1. Bouman et al. (2007) 
calculated that the country-average paddy rice yields in Asia ranges between 3 and 9 t ha–1, 
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with an overall average of about 5 t ha–1. Alberto et al. (2009), Frageria and Baligar (2001) 
reported an average grain yield of 5.2 – 6.3 t ha-1 for paddy rice. Peng et al. (2006) found 
minor reduction in yields in RF compared to PR, with 6.32 and 7.78 t ha–1, respectively, and 
no significant differences in yield (7.22 t ha-1 for RF and 7.84 t ha-1 for PR) of a variety that 
was adapted to both flooded and aerobic conditions. These values are comparable to our 
results. The results demonstrate that under ample soil moisture supply both PR and RF 
develop relatively similar canopies and comparable yield. 
 
3.6. Conclusion 
We conclude that with adequate rainfall, the new hybrid Unkwang rice variety has the 
potential to grow as direct seeded, rainfed rice, attaining yields that are comparable to paddy 
conditions. When grown as rainfed rice, Unkwang exhibits higher GPP, but it is likely that a 
significant portion of this GPP is apportioned to the roots to ensure improved water uptake. 
Improved leaf N and higher specific leaf weight result into higher quantum yield, contributing 
to improved productivity in RF. On a daily basis, PAR determined the daily fluctuations in 
GPP while seasonal GPP differences were due to GLAI and α differences. While direct 
seeding as in the RF eliminates the need for irrigation, maximizes the use of early rain events 
and is likely to require less water, it extends the production period. This study demonstrates 
the potential of Unkwang as a high yielding variety suitable for promoting rice production 
under rainfed conditions without extended soil drying. We recommend further studies to 
determine the amount of water that can be saved through using Unkwang cropped under 
rainfed conditions. 
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4.1. Abstract 
Light use efficiency (LUE) plays a vital role in determination of crop biomass and yield. 
Important components of LUE, i.e. canopy structure, nitrogen distribution, photosynthetic 
capacity and CO2 diffusion conductance were investigated in paddy rice grown under low, 
normal and high supplemental nitrogen (0, 115, and 180 kg N ha-1). Photosynthetic 
characteristics varied linearly with leaf nitrogen content (Na), independent of treatment and 
canopy position, so differences in photosynthesis were due to differences in N allocation. CO2 
diffusion resistances were significant and constrained LUE (more during late season), but 
there were no differences between treatments. Early in the season (tillering stage) leaves in 
the fertilized treatments had higher photosynthetic rates due to higher leaf N content leading 
to larger amounts of rate-limiting photosynthetic proteins, which gave them an early head 
start and boost in productivity and leaf area index, bringing increases in canopy light 
absorption. Later during the growth season, differences in leaf Na and photosynthetic 
characteristics between treatments were slight. Enhanced LAI in fertilized plots throughout 
the growing season was related to greater leaf number and leaf area per planted bundle and a 
larger leaf area in the upper canopy (LAUC). Fertilized treatments had a higher LAUC with 
high leaf nitrogen concentration and reduced mesophyll diffusion limitation but greater 
exposure to full sunlight that led to improved nitrogen use efficiency and efficient carbon 
gain. In conclusion, differences in carbon gain and biomass accumulation under differing N 
fertilization were associated primarily with resource allocation associated with canopy leaf 
area development rather than leaf morphological or physiological properties. The results 
provide new insights with respect to the multi-dimensional coordinated structural and 
physiological adjustments governing LUE over the course of rice crop development. 
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4.2. Introduction 
As proposed by Monteith (1972, 1977) ecosystem or crop productivity is largely determined 
by the amount of solar radiation intercepted and the efficiency with which that absorbed 
energy is converted to carbohydrates in the process of photosynthesis. The percentage of 
incident photosynthetically active radiation that is absorbed by a plant canopy (APAR) is 
largely determined by canopy architecture (leaf area index, leaf angle distribution) and leaf 
pigments, while the efficiency of energy conversion is a function of leaf physiological 
processes. Although light use efficiency (LUE) has been equated with quantum use efficiency 
in the plant physiology literature (Ehleringer and Pearcy, 1983), in the remote sensing and 
crop production communities, LUE is defined as total carbon uptake (Gitelson and Gamon, 
2015), integrated over some period of time divided by the total irradiance incident on or 
absorbed by the vegetation.  
LUE of developing crops therefore depends on canopy leaf area and leaf angle distribution 
which determine light interception, on the distribution of nitrogen in the canopy as it relates to 
the profile of photosynthetic capacity, and on diffusional limitations which restrict delivery of 
CO2 to the site of fixation (Parry et al., 2011). Until recently, the only diffusional limitations 
considered were boundary layer and stomatal conductances. Recent progress in the analysis of 
leaf gas exchange, however, has elucidated an additional component of leaf structure and 
function that significantly affects crop photosynthesis, namely the mesophyll conductance of 
the leaves, gm (Ethier and Livingston, 2004; Niinemets et al., 2009A). 
Depending on the magnitude of gm, the CO2 gradient between substomatal cavities and the 
chloroplast stroma varies, which impacts the physiology of photosynthesis and, over the long-
term, influences natural selection along ecological gradients (Muir et al. 2014; Flexas et al., 
2012; Niinemets et al., 2009B), and gm has been identified as an important factor in regulation 
of crop primary production (Adachi et al., 2013; Parry et al., 2011). Mesophyll conductance is 
positively correlated with and essentially linearly related to photosynthetic capacity 
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(Bernacchi et al., 2002; Evans and Loreto, 2000) when considering a broad spectrum of leaf 
types with varying leaf density (Niinemets, 2009B). However, based on existing data from 
herbaceous species, the relationship is relatively scattered (Flexas et al., 2012; Niinemets et 
al., 2009B; Warren and Adams, 2006), indicating that additional factors influence carbon 
uptake of crop species to a different degree and in different ways. For example, nitrogen 
allocation rather than leaf structural modifications may primarily mediate changes in gm and 
Amax (the maximum net photosynthesis rate at saturating light, optimal temperature and 
normal atmospheric CO2 concentration) in species with herbaceous-type leaves (Niinemets, 
2007). 
While mesophyll conductance has gained much attention recently, comprehensive studies of 
nutritional influences on leaf area index development and allocation, canopy nitrogen 
distribution, stomatal conductance (gs) limitations, time-dependent changes in Amax and 
canopy GPP, and the ecophysiological regulation of gm are lacking (Niinemets, 2009B) and 
needed as they are fundamental physiological concepts in sustainable crop production 
(Foulkes and Reynolds, 2015). To gain greater insight, several studies concerning the 
relationships among leaf N, gm, gs and photosynthesis in crops have been implemented, but 
these have been carried out in controlled environments or over short time periods. Longer-
term studies of crop production over the seasonal cycle and in natural field environments are 
needed in order to better understand the multiple influences that regulate LUE and production. 
In this study, gas exchange and chlorophyll fluorescence measurements were made on leaves 
of rice to determine CO2 uptake, transpiration, gs and gm. These measurements were carried 
out simultaneously with observations of crop development and canopy CO2 exchange in 
experimental fields of Chonnam National University, Gwangju, South Korea under three 
nutrient treatment levels. We examine the extent to which increased nutrient supply leads to 
increases in canopy leaf area, altered nitrogen investments, as well as changes in leaf gas 
exchange and biomass production (Yoshida, 1981).  
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We address the following hypotheses: 
1. Seasonal development of rice is characterized by a LUE optimization-oriented coordination 
in LAI, canopy N distribution, and leaf conductance (gs and gm) limitations on carbon gain. 
2. Increasing nutrient supply to the rice crop leads to an acceleration in the rate of canopy 
development (rate of increase in LAI) and overall carbon gain, but not to the basic way in 
which coordination of the process relevant to LUE occurs. 
3. Variation in leaf function in rice grown with different nutrient supply and under varying 
light environments within the crop canopy is largely explained by variations in leaf nitrogen 
allocation and nitrogen-driven gas exchange. 
 
4.3. Materials and Methods 
4.3.1. Study site 
The experimental site is located at the agricultural fields of Chonnam National University, 
Gwangju, South Korea (126°53′ E, 35°10′ N, altitude 33 m). Rice (Oryza sativa L. cv. 
Unkwang) seedlings cultivated in a nursery were transplanted to a flooded field using a four-
row rice transplanting machine on May 20th, 2013 (day of year – DOY - 140), with a row-
line spacing of 12 × 30 cm. On average, each planted bundle contained five seedlings. A mass 
ratio of N:P:K of 11:5:6 was used in the paddy rice plots for three fertilization treatments: 0 
kg N ha-1 (no supplemental fertilization as a control referred to as low; plot size ~511 m2), 
115 kg N ha-1 (the agricultural agency recommended amount, referred to as normal, plot size 
~1387 m2) and 180 kg N ha-1 (referred to as high, plot size ~511 m2). Nitrogen was applied in 
two dosages, 80% as basal dosage two days prior to transplanting and 20% during the tillering 
stage, 19 Days After Transplanting (DAT). P fertilizer (62 kg ha-1) was applied as a 100% 
basal dosage, and K fertilizer (60 kg ha-1) was applied as 65% basal dosage and 35% during 
tillering. All field management practices of paddy rice and fertilizer dosages reflected the 
practices of farmers in the region. Fertilizer migration between nutrient treatments and 
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potential losses via runoff were minimized by cement walls 35 cm wide, inserted to a depth of 
one meter in the soil. Excess water drained out of the field during the summer monsoon in 
July and August when heavy rainfall occurred. The time periods during which rice under 
these field conditions grew in different agronomic developmental stages after transplanting 
were unaffected by fertilization treatment, and are shown in Table 8. 
 
Table 8: Time periods during which paddy rice cultivar Unkwang grew in different 
agronomic stages. 
Growth stage Day After Transplanting Day Of Year 
Recovery from transplanting 0 – 10 142 - 152 
Active tillering 10 – 30 152 - 172 
Elongation 30 – 64 172 - 206 
Flowering 64 – 70 206 - 212 
Grain-filling 71 – harvest 212 - harvest 
 
To underpin several physiological assumptions, the same rice variety was planted in 
September 2014 in a greenhouse at the University of Bayreuth, Germany (11°34′ E, 49°56′ 
N). Seedlings were transplanted at 10 cm height into plastic containers (top diameter 25.4 cm 
and height 25 cm) with similar plant spacing as in the 2013 field experiment. The equivalent 
to the 115 kg N ha-1 field treatment was applied again two times, before transplanting and at 
the tillering stage as nutrient liquid from 100g N/l Wuxal super (Agrarvers and Oberland Inc., 
Schongau, Germany). For gas exchange experiments, the plants were then acclimated in a 
growth chamber to daytime air temperature 30°C, relative humidity 60% and light intensity of 
900 µmol m-2 s-1. Air temperature during nighttime was constant at 25°C. 
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4.3.2. Field measurements of diurnal courses of canopy and leaf CO2 exchange 
Four plots were established in the middle of the paddy fields for each nutrient treatment to 
monitor diurnal canopy CO2 gas exchange, using a custom-built set of one transparent and 
one opaque chamber (L 39.5 × W 39.5 × H 50.5 cm; detailed information on chamber 
construction and measurement protocols are given in Li et al. (2008) and Lindner et al. 
(2015). Three frames, each enclosing three bundles of healthy plants, and a fourth frame 
without plants were deployed. Diurnal gas exchange courses of net ecosystem CO2 exchange 
(NEE – with transparent chamber) and ecosystem respiration (Reco – with opaque darkened 
chamber) per square meter ground surface were monitored at hourly intervals from sunrise to 
sunset. Incident PAR in the transparent chamber was measured with a quantum sensor 
(LI−190, LI−COR, Lincoln, Nebraska, USA). A hyperbolic light response model was fit to 
estimate gross primary production (GPP; sum of NEE and Reco) as a function of incident 
PAR, generating instantaneous canopy light use efficiency (LUEins) defined as the initial 
slope of the response, and an estimate of potential maximum GPP rate at PAR of 1500 µmol 
m-2 s-1 (GPPmax) (Li et al., 2008; Lindner et al., 2015). Canopy LUEinc, defined as daytime 
integrated GPP divided by daytime total incident above-canopy PAR, was calculated for each 
day of measurement. 
Diurnal gas exchange and chlorophyll fluorescence measurements in the sunlit (uppermost), 
second, third and fourth mature leaves of the high fertilization group were conducted using a 
portable gas-exchange and chlorophyll fluorescence system (GFS−3000 and PAM 
Flourometer 3050−F, Heinz Walz GmbH, Effeltrich, Germany) on 57 and 73 DAT to track 
ambient environmental conditions external to leaf cuvette. The measurement dates of diurnal 
courses of the sunlit (uppermost) leaves in the low and normal groups were 31 and 72 DAT, 
and 25 and 77 DAT, respectively. Middle parts of two or three intact and healthy leaves were 
enclosed from sunrise to sunset. Microenvironmental factors such as incident light intensity, 
air/leaf temperature, air humidity, and CO2 concentration were recorded simultaneously. 
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Leaf-level light use efficiency was determined from a linear estimation of photosynthesis 
response to light when incident PAR was less than 200 µmol m-2 s-1. 
 
4.3.3. Measurements of CO2 response curves of net assimilation rate 
The Walz GFS−3000 was used to measure net assimilation CO2 response curves at different 
leaf temperatures. CO2 response curves of uppermost canopy leaves were measured twice for 
the low and normal fertilization treatments, on around 28 DAT (tillering stage) and around 74 
DAT (beginning of grain-filling stage: subsequently termed grain-filling). CO2 curves were 
commenced after leaves had acclimated to the cuvette microenvironment (CO2 concentration 
of 400 µmol mol-1 and saturating PAR of 1500 µmol m-2 s-1) after which CO2 concentration 
was changed progressively according to the sequence 1500, 900, 600, 400, 200, 100 to 50 
µmol mol-1. Relative humidity was controlled to ca. 60%. Assimilation rate and stomatal 
conductance data were recorded after new steady-state readings were obtained. At least three 
replicate CO2 curves were obtained at each leaf temperature, which was varied in 5°C steps 
from 20 to 35°C at the tillering stage and from 25 to 35°C at the grain-filling stage. For each 
CO2 response curve, the protocol described by Sharkey et al. (2007) was used to estimate 
values for the parameters Vcmax and Jmax. 
Amax (photosynthesis rate at 400 µmol CO2 mol-1, saturating PAR of 1500 µmol m-2 s-1 and 
30°C) in leaves at different depths in the canopy were measured on around 54 DAT (low, 
normal and high fertilization treatments) and around 72 DAT (low and high fertilization 
treatments) using the GFS-3000. On 90 DAT similar photosynthetic capacity determinations 
were conducted, but only on the uppermost leaves in the canopy.  
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4.3.4. Measurement of canopy reflectance  
Radiometric measurements were carried out intensively in three nutrient groups over growth 
season by a portable instrument equipped by multispectral radiometers (MSR, Cropscan Inc, 
MN, USA). The MRS-5 was positioned facing vertically downward at 2 m above crop 
canopies, and measurements were taken at solar noon to minimize the effect of diurnal 
changes in solar zenith angle. 6 replications surrounding plots for canopy gas exchange 
measurements were conducted, and reflectance measurements were then averaged. 
Normalized difference vegetation indices (NDVI) was calculated from the spectral bands 
obtained in the channel 3 and 4 of the MSR5, corresponding to the red (630-690 nm) and near 
infra red wavelength (760-900 nm) respectively by following formula, 
  rednir
rednirNDVI
ρρ
ρρ
+
−
=
     Equation 14 
To get the NDVI on those days when measurements of canopy gas exchange were 
implemented and on other days that were clear and sunny at solar noon, the time series 
function was fit to measured NDVI, 
  tcb etaNDVI ⋅⋅⋅=      Equation 15 
where a, b and c are coefficients and t is time (day after transplanting). 
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4.3.5. Characterization of leaf nitrogen content, leaf area, leaf angle, and biomass 
After conducting gas exchange measurements, leaf samples were collected to estimate leaf 
area, dry mass and nitrogen content. On 26, 33, 54, 72 and 86 DAT, three planted bundles 
consisting of fifteen plants (five seedlings comprising one planted bundle) from each 
treatment were harvested, and total plant area (leaf and stem) of each was determined with an 
LI-3100 leaf area meter (LI-COR Inc, Lincoln, Nebraska, USA). On 54 and 72 DAT a portion 
of the standing canopy in each fertilization treatment was stratified into vertical layers, each 
layer 15 cm in thickness. Leaf and stem area and biomass in each stratified layer were 
measured. After chamber gas exchange measurement, the green biomass overlying one half 
square meter of ground in each nutrient group was harvested. All samples were dried at 60oC 
in a ventilated oven for at least 48 hours before determination of dry mass. Leaf nitrogen 
content was measured by C:N analyzer (Model 1500, Carlo Erba Instruments, Milan, Italy). 
On 43 DAT, three typical bundles from each treatment were randomly selected to record 
individual leaf laminar area. Grain yield determinations were obtained at four sampling plots 
(0.5 × 0.5 m) at the end of the growing season at 113 DAT (253 DOY), and were weighed 
after air-drying. Seasonal changes of leaf area index were measured using a plant canopy 
analyzer (LAI-2000, LI-COR, Lincoln, Nebraska, USA). Measurements were taken across the 
rows and above the water surface using a cover with small view of 45° at early growth stages 
and one with large view of 270° at later growth stages. All measurements were made when 
there was no direct beam of sunlight, either in the late afternoon or during periods of uniform 
cloudiness.  
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4.3.6. Characterization of canopy light and nitrogen distribution profiles 
Vertical profiles of incident light were determined either the day before or on the day of plant 
sampling with light data loggers (HOBO, Onset Computer Corporation, Bourne, MA) 
mounted on thin rods with vertical spacing of 15 cm from base 0 cm to top of the canopy, and 
where multiple rods were placed along a transect diagonal to the planted rows. Data was 
logged every 15 min on two consecutive days when the measurements of stratified leaf area 
were made for nutrient groups. The HOBO logger light values were periodically compared to 
PAR measured with a LI-COR quantum sensor to develop a calibration curve and to estimate 
the PAR profiles. A trapezoidal integration was conducted to obtain daily integrated PAR. 
Close correspondence between daily integrated PAR from the quantum sensor of the GFS-
3000 and those from HOBO loggers indicated that the computation method was reliable. PAR 
was assumed to be attenuated through the canopy according to the Lambert-Beer law, where 
Q, the daily integrated PAR at a given canopy height is calculated as: 
  ( )fKQQ lo −= exp ,     Equation 16 
where Qo is the daily integrated PAR above the canopy, KL the canopy light attenuation 
coefficient, and f is the plant area index (PAI) from the top of canopy to the measurement 
level. There were few leaves in the 15-30 cm layer and no leaves in the 0-15 cm layer during 
late growth stages. Substantial presence of stems at lower layers, nevertheless, caused light 
attenuation, and plant area index showed a better correlation with measured light intensity at 
each layer than LAI. An exponential equation analogous to Equation 16, substituting an N 
extinction coefficient KN for KL, was used to describe leaf nitrogen distribution. When KL or 
KN is equal to 0, uniform distributions of light or N resources occur in the profiles. Increasing 
coefficients indicate a steeper gradient in resource distribution. 
Light use efficiency based on absorbed PAR (LUEabs) was defined as the ratio of daily 
integrated canopy GPP at each measuring date to integrated PAR intercepted by the canopy. 
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Intercepted radiation, Qint, was estimated by two methods, one using Equation 17, derived 
from Equation 16 (Hui et al., 2001). 
  ( )( )fKQQ lo ⋅−−= exp1int       Equation 17 
The other is from NDVI-fPAR correlation (fPAR is fraction of incident to Qint). The 
relationship between vegetation index NDVI and fPAR is generally found to be curvilinear 
(Choudhury, 1987; Goward and Huemmrich, 1992; Inoue et al., 2008). Linear correlation 
between those two biophysical variants in paddy rice before ripening stage was structured by 
Inoue (2008), while their data integrated with those in cereal crops grown under different 
ecological conditions from Choudhury (1987) actually followed exponential trend which is 
formulated by,  
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For determination of fPAR two types of variant need to be priori quantified based on field 
grown rice at specific nutrient manipulation condition: canopy geometry property (ε) which is 
the ratio of dampening factor Kp and factor Kvi, maximum and minimum NDVI values. Kp is 
coefficiency controlling correlation between canopy light interception and LAI, Kvi being 
coefficiency controlling relationship between NDVI and LAI. fPARmax in rice is 0.95 
recommended by Atwell et al. (1999). Max. NDVI in fertilization group and low group were 
0.92 and 0.84 which were field observations, respectively. Kp and Kvi at 0.48 and 0.8 in rice 
suggested by Nay-Htoon (2015) were adopted, generating ε of 0.6, which compares favorably 
to modeling outputted ε of 0.58 via apply Equation 18 to integrated data group in Fig. 21a. 
Min. NDVI (x-intercept) is 0.11 when fPAR is zero. The model simulation was tested against 
field observations at three nutrient groups. Striking correspondence between prediction by 
Equation 18 and field observations (calculated from Equation 17) documented that values of 
independent variants in Equation 18 are representative proxy reflecting rice growth and 
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development and can be used for estimation of fPAR and thereby LUEabs at the days when 
canopy gas exchange were collected. 
 
Figure 21: (A) Exponential correlation between normalized difference vegetation indices (NDVI) and 
fraction of incident PAR to absorbed PAR in cereal crops. Filled stars represent data in paddy rice from 
Inoue et al. (2008) and open stars in other cereal crops from Choudhury (1987). (B) Seasonal development 
of NDVI in paddy rice grown under three nutrient treatments: low (filled circles, 0 kg N ha-1), normal 
(open circles, 115 kg N ha-1) and high (cross symbols, 180 kg N ha-1).  
 
The amount of sunlit leaf area (leaves exposed to full sunlight) in each canopy layer at the 
low and normal groups during grain-filling stage was estimated based on the classical gap 
probability function in canopies (see Caldwell et al. (1986) for detailed description), in which 
sunlit leaf area is a function of solar position in the sky and the surface area and leaf geometry 
of each layer. For these calculations, a weighted average method considering the proportion 
of individual leaf area to total leaf area at each layer was used to generate average leaf angle 
of each layer. Leaf absorptance of PAR was assumed to be 0.84, and the leaf clumping factor 
used was 0.8, representative values for grain crops. Tight correlation between predications in 
light intensity at each layer by radiation transfer model and measurements y=0.82x+1.2 (R2 = 
0.90, p < 0.01) meant the pragmatic implementation of classical gap probability function to 
mimic canopy dynamics with respect to light distribution and sunlit leaf area. 
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4.3.7. Estimation of the mesophyll diffusion conductance (gm) 
The variable JP method of Harley et al. (1992) for estimating mesophyll conductance was 
applied to data on the ETR-limited portions of CO2 response curves. The proportion of 
generated electron transport rate that is used by CO2 fixation process was quantified 
(Appendix A, Figure 29A). In general, ETR, inferred from fluorescence measurements, 
became stable when Ci was higher than ca. 240 µmol mol-1. Assimilation rate and ETR in the 
region from 240 to 600 µmol mol-1 were used, because i) gm estimates over this range of Ci 
values are reliable, since photosynthesis is limited by regeneration of RuBP and limitations by 
triose phosphate utilization usually occur only at higher CO2 concentrations (Flexas et al., 
2007; Harley et al., 1992; Sharkey et al., 2007); and ii) the determinations are appropriate for 
the values observed for Ci under natural field conditions (ca. 250 µmol mol-1). Thus, 
)))44/())88(((/( dayPdayPim RAJRAJCAg −−++Γ−=
∗
,
   Equation 19 
where A, Ci and Jp are measured directly. Chloroplast CO2 compensation point (Г*), the 
intercellular CO2 concentration at which carboxylation rate equals photorespiration rate in the 
light was determined for our rice cultivars to be 44.4 ± 1.3 µmol mol-1 (Appendix A, Figure 
29B), which is consistent with values reported for cultivars as tobacco (Bernacchi et al., 
2002). Rday, non-photorespiratory CO2 evolution in the light, was approximately 60% of dark 
respiration as measured by gas exchange. 
 
Using values of Vcmax and Jmax determined from CO2 response measurements, rates of net 
assimilation were predicted assuming different values of Cc, the CO2 partial pressure at the 
site of fixation, which is jointly determined by fixation rate, stomatal and mesophyll 
conductances. The limitations on photosynthetic capacity resulting from finite stomatal and 
mesophyll conductance were evaluated by comparing measured A400 at Ca = 400 with rates 
predicted assuming infinite stomatal and/or mesophyll conductance by Equations 20-22 
(Harley et al., 1986; Monteith, 1972): 
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where Lgm is the percent limitation due to mesophyll conductance, Lgs that due to stomatal 
conductance, and Ltotal the total percent limitation of the conductance pathway on 
photosynthesis. 
 
 
4.4. Results 
4.4.1. Seasonal changes in canopy reflectance, biomass production, canopy LUE, and 
leaf area in response to fertilizer treatments 
Time series functions connecting measured NDVI at solar noon during sunny days were 
indicated in Figure 21 that NDVI value at fertilization group during vegetative growth stage 
before flowering and ripening stage were significant higher than control group (Friedman 
ANOVA, p = 0.045). Green biomass accumulation in all three nutrient groups exhibited 
similar seasonal trends. Biomass increased rapidly after ca. 30 DAT, reached a maximum on 
ca. 64 DAT, and subsequently declined (Figure 22A). Peak aboveground biomass was 
significantly higher in the normal and high fertilization treatment groups by 62% and 56%, 
respectively, compared to the low group. Similar to biomass production, grain yields in 
normal and high fertilization treatments were similar but markedly higher than in the control 
group by 58% and 73%. The seasonal change in measured rates of GPPmax is shown in Figure 
22B. During tillering (16 DAT) GPPmax was low in all treatments (ca. 2 µmol m-2 s-1; no 
significant difference, p > 0.05) and increased rapidly with increasing LAI. GPPmax increased 
throughout the elongation period, but plants in the normal and high fertilization treatments 
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showed increased carbon gain relative to the low fertilization after 30 DAT (p = 0.05). The 
highest GPPmax (~28 µmol m-2 s-1) occurred in fertilized plots at approx. 60 DAT, just before 
commencement of the grain-filling stage, at which time GPPmax in unfertilized plots averaged 
~21 µmol m-2 s-1. Subsequently, GPPmax in low N plots leveled off and GPPmax in fertilized 
treatments declined to ~23 µmol m-2 s-1, so that 20 days later, during grain-filling (78 DAT), 
GPPmax in fertilized groups was only 10% higher. GPPint exhibited similar seasonal trends 
across the three groups, reaching a maximum of 11.3 g C d-1 in the fertilized group and 9.4 g 
C d-1 in the plots receiving no additional nitrogen (Figure 22B). 
Seasonal time courses for daily LUEinc (Figure 22C) based on incident light were similar to 
those for GPPmax and GPPint. On an incident radiation basis, differences among treatments 
were found as expected with higher LUEinc in fertilized plots after 16 DAT, and the difference 
increasing over time. At approx. 60 DAT, the differences were statistically significant (p = 
0.039).  
LAI in all treatments increased rapidly through the elongation stage, and substantial 
differences in LAI among treatments occurred after 34 DAT (p < 0.01; Figure 22D) as LAI 
increased much more rapidly in the fertilized plots. These differences in LAI between 
treatments had multiple causes. Early in the elongation stage at 43 DAT, both leaf number 
and leaf mass per planted bundle were much higher in the normal and high plots than in the 
low treatment (Table 9). There were no significant differences in leaf biomass per bundle 
between the normal and high treatments, but the differences between non-fertilized and 
fertilized plots increased dramatically throughout the elongation stage (p < 0.05). 
Furthermore, plants in the fertilized treatments exhibited significantly greater amounts of leaf 
area in the upper levels of the growing canopy. At 43 DAT, early in the elongation stage, the 
mean area of individual leaves whose height of petiolar insertion was more than 20 cm above 
ground surface was significantly greater in the fertilized treatments than in the low N plots 
(the normal and high treatments greater by 33% and 22%, respectively; Table 9). Similar 
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differences were found later in the elongation stage, at 53 DAT, with fertilized plots 
accumulating a greater amount of leaf area in leaves originating in upper portions of the 
canopy, between 45 and 60 cm and between 60 and 75 cm above ground. By the grain-filling 
stage, however, leaf area in the upper levels of the canopy (above 60 cm insertion height) 
were 21.6, 23.0, and 23.0 cm2 in the low, normal and high nutrient groups, and were no 
longer significantly different (Table 9). 
 
 
Figure 22: Seasonal courses for (A) aboveground biomass production, (B) observed maximum rates in 
gross primary production (GPPmax) during daily measurement cycles, integral daytime GPP (GPPint), (C) 
canopy light use efficiency (LUEinc), and (D) leaf area index for paddy rice grown at three levels of 
fertilization. Low = no fertilizer addition; normal = 115 kg N ha-1; high = 180 kg N ha-1 as described in the 
methods. Bars indicate S.E.; n = 2 to 12. 
 
 158 
Table 9: Leaf dry mass per planted bundle (g) and mean leaf laminar area (cm2) at different developmental 
stages and in different canopy layers in paddy rice grown at low (0 kg N ha-1), normal (115 kg N ha-1) and high 
(180 kg N ha-1) fertilizer levels. S.E. is given in parentheses. 
Growth stage 
 
Nutrient 
treatme
nt 
Leaf dry 
mass per 
bundle (g) 
Number of 
leaves per 
bundle 
Mean leaf area in a given canopy height 
range (cm2) 
Canopy 
height above 
ground 
Early-
elongation 
43 DAT 
(184 DOY) 
 
 
Low 
Normal 
High 
 
 
2.1 
3.1 
3.4 
 
 
57 (4) 
101 (4) 
 
> 20 cm 
22.1 
(2.2) 
29.4 
(1.1) 
26.9 
(1.3) 
 
45-60 cm 
 
60-75 
cm 
 
75-90 
cm 
Mid-
elongation 
53 DAT 
(194 DOY) 
Low 4.6 (0.5)   9.3 (0.6) 3.7 (0.9)  
Normal 7.2 (1.1)   13.10 
(0.8) 
7.2 (0.8)  
High 6.8 (0.4)   12.0 (0.8) 4.2 (1.0)  
Grain-filling 
73 DAT 
(214 DOY) 
Low 4.2 (0.4)   9.9 (1.0) 12.8 
(1.4) 
8.9 (1.0) 
Normal 8.7 (0.7)   13.8 (0.7) 13.4 
(1.0) 
9.6 (1.2) 
High 9.6 (1.1)   13.0 (0.6) 12.2 
(0.9) 
10.8 
(1.4) 
 
4.4.2. Seasonal changes in leaf morphology and physiology in response to fertilizer 
treatments and canopy position 
During the course of development, average specific leaf area (SLA) of top of canopy leaves 
decreased by approx. 33% (Figure 23A), but SLA values for sunlit leaves in the three 
fertilization groups were not significantly different (p > 0.05). Despite this presumed increase 
in leaf thickness over the growing season, leaf nitrogen per unit area (Na) decreased strongly, 
by approx. 40% in all treatments (Figure 23A). The decrease occurred more rapidly during the 
elongation stage when the crop canopy was closing rapidly, than during the flowering and 
grain-filling stages. Although no significant differences in Na between leaves of the normal 
and high fertilization treatments were observed over the entire growing season, leaf nitrogen 
in both was significantly greater than in the low fertilizer treatment during leaf elongation. No 
significant differences in Na were observed between the three groups at grain-filling stage 
(after 60 DAT, p < 0.05).  
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Figure 23: (A) Seasonal changes in sunlit mature leaves at top of canopy for leaf nitrogen content (Na), 
specific leaf area (SLA), (B) photosynthesis capacity (Amax,30), and (C) maximum Rubisco carboxylation 
rate (Vcmax,30), maximum electron transport rate (Jmax,30), (D) stomatal conductance (gs,30), and mesophyll 
conductance (gm,30) under the same environmental conditions. Bars indicate S.E., n = 3 to 6.  
 
The seasonal decreases and differences among treatments in Na were reflected in concurrent 
changes in photosynthetic activity, measured at saturating PAR and 30°C (Amax,30). Thus, 
Amax,30 was 14% lower in the low fertilization treatment during early growth (p = 0.02; Figure 
23B), but the differences were relatively small (~7%) during the grain-filling stage (ca. DAT 
72). Carboxylation (Vcmax,30) and electron transport (Jmax,30) capacities (Figure 23C) were 
greater in the normal and high fertilization treatments at tillering stage (prior to 60 DAT; p = 
0.05 and p = 0.04, respectively), consistent with observed differences in Amax and Na. Parallel 
decreases in mesophyll and stomatal conductance also occurred over the course of the season 
(Figure 23D), but differences among treatments were not apparent. The limitations on carbon 
gain due to mesophyll conductance (Lgm) and stomatal conductance (Lgs) were of similar 
magnitude in all treatments and did not differ significantly at comparable phenological stages 
(Table 10). As conductances decreased from the elongation stage to grain-filling stage, 
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however, the limitations by both gm and gs increased dramatically, by between 22 and 49%. 
The total limitation of carbon gain due to transport from the external air to the site of fixation 
was substantial, ranging from 28 to 37%, with the highest value occurring in the low 
fertilization plants at the grain-filling stage, when the lowest leaf Na was also observed. 
 
Table 10: Comparisons among nutrient treatments in plant area index (PAI, m2 m-2), leaf area index (LAI, 
m2 m-2), daytime integral GPP (GPPint, g C d-1), average overall CO2 diffusive limitation (Ltotal, %), stomatal 
limitation (Lgs, %) and mesophyll limitation (Lgm, %), canopy light attenuation coefficient (KL), and canopy 
nitrogen attenuation coefficient (KN) at elongation (ca. 54) and grain-filling stages (ca. 73) at low (0 kg N 
ha−1), normal (115 kg N ha-1) and high (180 kg N ha-1) fertilizer levels. Grain yields (g m-2) in three groups is 
indicated. S.E. is given in parentheses, n = 3 to 6. 
 Low Normal High 
 Elongation Grain-
filling 
Elongation Grain-
filling 
Elongation Grain-
filling 
PAI 3.54 (0.66) 4.45 (0.53) 5.56 (0.50) 6.38 (0.51) 5.30 (0.55) 6.40 (0.69) 
LAI 2.04 (0.17) 3.2 (0.23) 3.36 (0.13) 4.53 (0.16) 3.15 (0.07) 4.29 (0.13) 
GPPint 9.39 (0.48) 8.67 (0.70) 11.25 (0.25) 9.94 (0.55) 11.31 (0.68) 10.20 
(0.65) 
Ltotal 29.6 (4.1) 37.1 (5.1) 29.1 (5.5) -- 27.6 (3.2) 35.3 (4.8) 
Lgm 16.9 (4.0) 24.3 (2.1) 15.6 (1.24) -- 16.1 (1.51) 24.2 (2.4) 
Lgs 18.3 (1.16) 23.7 (3.7) 20.6 (5.4) -- 21.6 (1.31) 26.4 (2.6) 
KL 0.19 (0.04) 0.42 (0.04) 0.18 (0.03) 0.40 (0.05) 0.16 (0.04) 0.39 (0.04) 
KN 0.14 (0.02) 0.28 (0.02) 0.06 (0.005) 0.14 (0.01) 0.06 (0.01) 0.12 (0.01) 
Yield 717 (110.5) 1135 (131.2) 1243 (22.94) 
 
Changes in leaf physiological function with depth in the canopy were investigated during the 
elongation and grain-filling stages (Figure 24). Leaf Na decreased with depth in the canopy 
for all treatments during the elongation phase, but the decline was particularly pronounced in 
the low fertilization treatment (Figure 24A). Thus, significantly higher levels of Na were 
observed in second and third leaves in the higher nitrogen treatments at the elongation stage 
(Figure 24A; p = 0.003), which may be related to initial N investments during tillering (ca. 30 
DAT) (cf. Figure 23A). During grain-filling, when canopy closure was more complete, Na 
declined even more rapidly with depth in canopy, but the Na profiles were similar (p > 0.05) 
for all treatments (Figure 24B). In general, leaf nitrogen profiles were reflected in similar 
declines in physiological variables related to photosynthetic activity, such as Amax,30, Vcmax,30, 
Jmax,30, gm,30, and gs,30 (Figure 24C-L). Despite observed differences in Na profiles during the 
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elongation phase, canopy profiles of these physiological variables showed no striking 
treatment differences during either period of growth (p > 0.05). 
 
Figure 24: Dependence on leaf position in crop canopy of paddy rice for leaf nitrogen content Na (A, B), 
photosynthetic capacity Amax,30 (C, D), maximum Rubisco carboxylation rate Vcmax,30 (E, F), maximum 
electron transport rate Jmax,30 (G, H), mesophyll conductance gm,30 (I, J), and stomatal conductance gs,30 (K, 
L) at elongation and grain-filling stages. Bars indicate S.E., n = 3 to 6.  
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Figure 25: (A) Dependence of photosynthetic capacity (Amax,30) on leaf nitrogen content (Na); (B) 
relationship of maximum carboxylation rate (Vcmax,30) to Na; (C) correlation between maximum electron 
transport rate (Jmax,30) and Na; (C) correlation of mesophyll conductance (gm,30) and Vcmax,30, (E) stomatal 
conductance (gs,30) and Na, and (F) gm,30 and Na pooling data from both sunlit and within-canopy leaves 
grown in the field and from growth chamber experiments (open triangle). Inset in plot c indicated 
correlation between Jmax,30 and Vcmax,30. 
 
The conservative nature of leaf function in dependence on Na is shown in Figure 25. When 
measured data on leaf gas exchange traits were pooled across all treatments, a tight linear 
correlation between Na and Amax,30 is evident (R2 = 0.78, p < 0.01; Figure 25A). Reflecting the 
dependence of Amax on Rubisco capacity and light harvesting, strong linear correlations 
between Vcmax,30 and Na, and between Jmax,30 and Na were also found across all treatments (R2 
> 0.80, p < 0.01; Figure 25B and C). Vcmax,30 linearly scaled to Jmax,30 with a constant ratio of 
1.3, independent of growth environment (inset in Figure 25C). A strong but curvilinear 
relationship was observed between Vcmax,30 and gm,30 (R2 = 0.76, p < 0.01). Vcmax appears to be 
an important determinant of mesophyll conductance, although the curvilinearity suggests that 
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some additional physiological factors play a role. Both gm,30 (R2 = 0.78, p < 0.01) and gs,30 (R2 
= 0.47, p < 0.01) increased linearly with Na, but the slope was significantly higher for gm,30 
(Figure 25E and F). As a result, we observed a negative correlation between Na and ratio of 
gs,30 to gm,30 (R2 = 0.61, p < 0.001) (Figure 26D). 
 
Figure 26: Photosynthetic limitation by (A) mesophyll conductance (Lgm) and by (B) stomatal limitation 
(Lgs) in canopy profiles against leaf nitrogen content (Na) at the low, normal and high fertilization 
treatments in sunlit leaves during elongation and grain-filling stages, whereas (C) shows the the total 
percent limitation of the conductance pathway on photosynthesis in relation to Na, and (D) the ratio of 
gs,30:gm,30 in dependence of Na. 
 
There was a strong negative correlation between Lgm and Na in canopy profiles (Figure 26A) 
(R2 = 0.50, p = 0.014), but only a slight, non-significant (R2 = 0.04, p = 0.51) decline in Lgs 
with increasing Na (Figure 26B). Due to the Na dependency of Lgm, Ltotal also declined with 
increasing Na (R2 = 0.50, p = 0.006) (Figure 26C). The varying trend for mesophyll and 
stomatal limitation respectively corresponded to the CO2 drawdown i.e. concentration 
gradient between leaf surface and intercellular airspace, between intercellular airspace and 
chloroplast carboxylation site, respectively (not shown). 
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4.4.3. Seasonal changes in canopy structure in responses to nutrient additions and 
effects on canopy LUE 
LUEinc increases with increasing canopy LAI (Figure 27A) and the relationship applies to all 
fertilization treatments, but as canopy closure increases, the effect of additional increases in 
LAI lessens. The result is a hyperbolic response of LUEinc to developing LAI which 
approaches a saturation value of ca. 1.1 g C MJ-1 at LAI values above 3 m2 m-2. Differences 
among nutrient groups in light use efficiency on an absorbed radiation basis (LUEabs) during 
the active tillering (p = 0.46 between low and normal group) and grain-filling stages (p = 0.49 
between low and normal group) were not statistically significant (Figure 27B). Overall, 
LUEabs in all treatments increased after seedlings transplanting and approached observed 
maximum level 3.2 g C MJ-1 at the low group at the end of active tillering stage, after that 
decreased, which changes in parallel with leaf nitrogen content (Figure 23A). 
 
Total LAI differed between treatments (Figure 22D) but there were also treatment differences 
in the vertical distribution of leaf area within the canopy. When leaf area in each of five 
canopy layers (each 15 cm thick) is expressed as a percentage of the total canopy leaf area 
(Figure 27C and D), it is clear that during both elongation and grain-filling stages, an 
increasing percentage of total leaf area is allocated to upper levels of the canopy as N 
fertilization is increased. A tight correlation between LUEinc and total leaf N (Ntotal) during 
both elongation and grain-filling stages were achieved. Fertilized plots had high LUEinc 
accompanied by higher Ntotal. These differences must be related to enhanced LAI since leaf N 
values were similar or higher in the unfertilized group (Figure 24A and B). Thus, it seems that 
canopy leaf area development and allocation were important determinants of canopy carbon 
gain.  
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When LUEinc for all treatments is plotted against the percentage of total leaf area which is 
found above 45 cm (termed as leaf area of upper canopy, LAUC), a linear relationship is 
obtained at both elongation (R2 = 0.84, p = 0.056) (Figure 27E) and grain-filling stages (R2 = 
0.99, p = 0.002) (Figure 27F). At elongation stage, enlargement of LAUC by 75% promoted 
LUEinc up to 21%, and enhancement of LUEinc during grain-filling stage was 23.1% compared 
to 32% enlargement of LAUC (Figure 27F). Similar linear relationship between LUEins and 
LAUC at elongation and grain-filling phases was evidenced, giving increment of LUEins by 
19.5% and 25.7%, respectively for a 75% and 32% increase in LAUC (Figure 27E). At both 
development stages, increasing LAUC could be one growth strategy for the plant canopy to 
improve carbon gain, since there was a tight correlation between leaf nitrogen content on a 
mass basis and leaf LUE (R2 = 0.62; p < 0.01, data not shown). Another advantage due to 
enlargement of the upper canopy was that a higher proportion of leaf area was exposed to full 
sunlight, especially during midday (Figure 28C and D). Compared to the low nutrient group, 
over the course of the day, the total amount of sunlit leaf area of the upper canopy in the 
normal group was significantly larger, by 44%. To examine the effect of changing the vertical 
distribution of leaf area, we reversed the vertical distribution patterns found in the two 
fertilization treatments and recalculated sunlit leaf area (gray lines in Figure 28C and D) (i.e., 
the vertical distribution of leaf area in the low treatment (Figure 27D) was used to recalculate 
sunlit leaf area in the high nutrient treatment and vice versa.). This had the effect of reducing 
the difference in sunlit leaf area in the upper canopy between treatments to 20%. Likewise, 
increasing LAUC in the low fertilization treatment increased the amount of sunlit leaf area in 
the upper canopy by 22% (Figure 28D, gray lines). Importantly, allocating more leaf area to 
positions higher in the canopy where leaves contain more nitrogen (Figure 24A and B) would 
have the effect of allocating additional leaf nitrogen to canopy positions experiencing high 
light conditions and enhancing photosynthetic nitrogen use efficiency (Figure 28A). 
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Figure 27: (A) Correlation between canopy light use efficiency (LUEinc) and leaf area index, (B) seasonal 
development of LUEabs, (C) and (D) proportion of stratified leaf area height > 45 cm to total canopy area. 
(E) Instantaneous canopy light use efficiency (LUEins) and expansion of upper canopy leaves (based on 
plot C and D), and  (F) LUEinc and expansion of upper canopy leaves during elongation (solid line) and 
grain-filling stage (dot line). Bars indicated S.E., n = 3 to 6. 
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Figure 28: (A) Correlation between nitrogen use efficiency and leaf nitrogen content per leaf area, and (B) 
leaf inclination angle comparisons in canopy positions at elongation and grain-filling stages. (C) and (D) 
Changes of sunlit leaf area at canopy layers from sunrise to sunset during grain-filling stage for low and 
normal groups using actual measured vertical leaf distributions (black lines) or using reversed leaf 
distributions (grey lines). Bars indicate S.E., n = 3 to 6. 
 
4.5. Discussion 
In this study, carried out in South Korea in the summer of 2013, paddy rice plants (Oryza 
sativa L. cv. Unkwang) were grown under three levels of nitrogen fertilization, and the effects 
of fertilization on biomass accumulation were investigated. Not surprisingly and 
corresponding to previous research (Yang et al., 2015), aboveground biomass accumulation in 
paddy rice fields responded positively to increased levels of fertilization, although the positive 
effects of increased nitrogen seemed to be saturated at levels of 115 kg N ha-1, since addition 
of 180 kg N ha-1 led to no further increase in production (Figure 22A). 80% of the total 
fertilizer addition was applied two days prior to transplanting and the remaining 20% was 
applied 19 DAT. Only slight aboveground biomass differences between treatments were 
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observed throughout the tillering phase, which lasted until approximately 30 DAT. With the 
onset of the elongation growth phase following 30 DAT, however, aboveground biomass in 
the two treatments receiving supplemental N was greatly accelerated relative to the 
unfertilized plots. The productivity gap between fertilized and unfertilized plots continued to 
widen until peak biomass was reached at the end of the elongation stage (~64 DAT), at which 
time aboveground biomass in the two fertilized treatments was approximately 60% greater 
than in the plots receiving no supplemental nitrogen. Following peak biomass, aboveground 
biomass in the fertilized plots declined more rapidly through flowering and grain-filling 
stages that in the unfertilized plots, and at 100 DAT the advantage in the fertilized plots had 
fallen to approximately 40%. Similar to biomass accumulation, there was only a small 
discrepancy in grain yield between the normal and high groups, but they produced 58% and 
73% more grain, respectively, than the low fertilization treatment. 
In general, during tillering, plots in all nutrient treatments exhibited low GPPmax and GPPint, 
both of which rapidly increased after ~32 DAT, reaching a peak at the end of the reproductive 
stage and then declining until the end of ripening stage or at harvest (Figure 22B). Following 
tillering (after 32 DAT) ample fertilization management significantly promoted GPPmax and 
biomass production relative to unfertilized plots, and the GPPmax advantage of fertilized plots 
continued to increase throughout the elongation stage. Observed GPPmax values in our 
research (21.4 to 27.4 µmol m-2 s-1) were compatible with reports of 21.8 ± 3.7 µmol m-2 s-1 in 
South Korea (Lindner et al., 2015). The integrated GPP (GPPint) under normal field 
management in our study (9.9 to 11.3 g m-2 d-1; Table 10) fell within the reported range of 
Asia traditional paddy system 10.36 to 15.2 g m-2 d-1 (Miyata et al., 2000; Alberto et al., 2012; 
Lee, 2015). Reported variability in carbon gain capacity of paddy rice can probably be 
ascribed to ecological conditions where rice was planted such as field management practice 
and fertilizer application rate, and also to endogenous variations in the rice genotypes 
selected. 
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We sought to determine the mechanistic basis for the observed productivity enhancement 
with supplemental fertilization. Crop productivity is largely determined by the amount of 
solar radiation intercepted by the canopy and the efficiency with which that absorbed energy 
is converted to carbohydrates in the process of photosynthesis (Monteith, 1972; Goward and 
Huemmrich, 1992; Inoue et al., 2008). This notion has been formalized in the concept of light 
utilization efficiency, which in the content of crop production, has been defined as carbon 
uptake divided by irradiance, both integrated over some period of time. As pointed out by 
Gitelson and Gamon (2015), carbon uptake can be variously defined as net photosynthesis, 
gross or net primary production, and irradiance as incident or absorbed PAR. LUEinc is 
defined here as daily GPP (g C m-2 ground) integrated over the daylight hours, divided by 
incident PAR (MJ), integrated over the same period.  
LUEinc was measured five times during the growing season (Figure 22C) and increased 
rapidly in all treatments as canopy leaf area increased during the tillering and elongation 
stages of development, then leveled off as the canopy approached full closure. Beginning 
during tillering, LUEinc in the fertilized plots exceeded that in the unfertilized treatment by 
20-30%, a differential that persisted into the flowering and grain-filling stages. Research in 
soybean reported maximum LUEinc of 1.2 g C MJ-1 (Gitelson and Gamon, 2015) and 
approximately 1.0 g C MJ-1 in rice (Atwell et al., 1999), which are similar to our values in this 
rice study (1.12 g C MJ-1 for fertilized and 0.92 g C MJ-1 for unfertilized plots).   
LUEinc is a representative reflection of crop ecophysiology responding to varying growth 
environment, and is influenced by multiple factors such as leaf area development, canopy 
light interception, light conversion efficiency, and leaf photosynthetic physiology associated 
with nitrogen investment in leaves and diffusional limitations. We will examine each of these 
factors that contribute to LUEinc to better understand how fertilized rice plants utilize 
supplemental N to enhance their growth rates and biomass accumulation. 
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4.5.1. The role of leaf photosynthetic capacity in determining LUEinc 
Enhanced nitrogen supplied through supplemental fertilization, if allocated to individual 
leaves, might be expected to increase net photosynthetic rates by increasing the amounts of 
rate limiting enzymes. The importance of Na in establishing photosynthetic performance is 
highlighted by data in Figure 25. Amax, across all fertilization treatments and over the course 
of the season, is a linear function of Na (Figure 25A) as often reported previously (Yoshida 
1981; Campbell et al., 2001A; Niinemets, 2007). Furthermore, as reported by Evans and 
Loreto (2000) and Bernacchi et al. (2002) the primary determinants of photosynthetic 
competence, Vcmax and Jmax, are also linearly related by Na (Figure 25B and C), resulting in a 
strong linear relationship between the two (Figure 25C, inset) with a slope 1.3 that falls within 
the range reported for a variety of C3 species (Niinemets et al., 2009A; Wullschleger, 1993). 
This linear relationship between Na and photosynthetic components is explained by the 
importance of nitrogen in determining amounts of rate-limiting enzymes in the Calvin cycle 
(especially Rubisco) and the electron transport chain. Both stomatal and mesophyll 
conductances also increase linearly with Na (Figure 25E and F) but a mechanistic basis for 
this dependency is less obvious; however, it reveals the high degree of coordination between 
leaf biochemistry and diffusional limitations, which forms the basis of, for example, the 
empirical model of stomatal conductance developed by Ball et al. (1987). One of the 
consequences of this coordination between gs and Amax is to maintain values of Ci across all 
treatment within a fairly narrow range (240 to 260 mmol mol-1).  
Clear treatment differences are apparent in the allocation of available nitrogen to 
photosynthetic processes early in the growing season. During tillering stage, Na in the normal 
and high fertilization treatment was approx. 32% higher than in the low treatment (Figure 
23A). Na subsequently declined in all treatments, but the decline was particularly pronounced 
in fertilized plots, such that treatment differences in Na narrowed, and by 47 DAT, midway 
through the elongation phase, significant differences were no longer apparent.   
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These differences in leaf nitrogen were reflected in photosynthetic performance at the 
individual leaf level. Light-saturated net photosynthesis at 30°C (Amax,30) of upper canopy 
leaves was approximately 16% greater in fertilized plots during tillering, but as Na declined 
through the growing season, treatment differences in Amax,30 were greatly reduced (Figure 
23B). Similarly, higher rates of both Vcmax,30 and Jmax,30 (Figure 23C) observed in fertilized 
treatments during tillering were largely eliminated during later growth stages as Na declined 
more rapidly in fertilized than unfertilized plots. 
Figure 24 illustrates profiles through the canopy of Na and photosynthetic parameters during 
the elongation and grain-filling developmental stages. During elongation, plants in fertilized 
plots clearly allocated more nitrogen to within canopy leaves than plants in the unfertilized 
treatment (Figure 24A) but, surprisingly, these differences were not reflected in parallel 
changes in Amax,30 (Figure 24C) with depth in the canopy. Vcmax,30 values of lower canopy 
leaves were less in plants without supplemental fertilizer, reflecting lower Na, but Jmax,30 
values did not differ at this stage between treatments. The absence of a nitrogen effect on 
Amax,30 may therefore reflect the fact that within-canopy leaves were operating on the RuBP-
regeneration portion of the A-Ci response curve (Bernacchi et al., 2002; Yamori et al., 2011), 
where reductions in Vcmax,30 would not be reflected in the photosynthesis measurement. Lower 
canopy leaves, in which photosynthesis is often light-limited, would benefit from 
preferentially allocating limiting nitrogen to light-harvesting proteins (i.e., Jmax,30) at the 
expense of Rubsico (Vcmax,30). Later in the season, during grain-filling, canopy profiles of Na 
and photosynthetic parameters were largely indistinguishable across treatments (Figure 24B, 
D, F, H, J).  
Canopy area development and the total amount of free nitrogen content have been considered 
limiting factors in mediating canopy carbon gain (Leuning et al., 1995). Establishing a 
dynamic balance between reduced canopy area and sufficiently high nitrogen invested in 
leaves is a survival strategy under limited nitrogen conditions (Anten, 1995; Niinemets, 
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2007). Consistent with this, rice plants in the low fertilization group were able to maintain 
leaf nitrogen levels, especially in uppermost leaves, comparable to leaves in plants with 
supplemental nitrogen (Figure 23A; Figure 24A and B), but only by limiting the development 
of total canopy leaf area (Figure 22D). This nitrogen allocation strategy explains the narrowed 
difference in leaf N among nutrient groups in the elongation and grain-filling stages. 
Independent of leaf biochemistry, CO2 diffusion resistance in leaves, both stomatal and in the 
mesophyll, can significantly constrain carbon fixation by reducing the CO2 partial pressure at 
the site of fixation. As mentioned above, as photosynthetic capacity increased with increasing 
Na, the total limitation imposed by diffusional constraints declines (Figure 26C). A 
comparison of Figure 25E and F indicates that gm increases more rapidly with increasing Na 
than does gs, such that the ratio of the two (gs,30:gm,30) declines (Figure 26D). Thus, the 
relative importance of gm in limiting net photosynthesis declines with increasing nitrogen and 
stomatal limitations becomes increasingly significant. The percent limitation imposed by 
stomata is somewhat scattered, varying between 17 and 27%, but shows no clear dependence 
on Na (Figure 26B), while mesophyll limitations clearly become less pronounced as Na 
increase (Figure 26A), which was also previously reported (Monti et al., 2009; Tosens et al., 
2012). Thus, diffusional limitations, particularly those imposed by the mesophyll, became 
more important as the growing season advanced and leaf nitrogen declined. Although 
diffusional limitations increased through the growing season, and represented a significant 
limitation (up to almost 45%) during grain-filling, there were no clear treatment differences in 
either mesophyll or stomatal limitations (Table 10).  
In summary, large treatment differences in leaf photosynthetic physiology were apparent only 
in the early stages of development. Plants in the unfertilized paddies were generally able to 
maintain leaf nitrogen levels and photosynthetic capacities comparable to fertilized plants, but 
only at the expense of reduced canopy leaf area, discussed below. 
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4.5.2. Differences in seasonal canopy development between fertilization treatments 
In addition to leaf photosynthetic properties that help determine LUEinc through their role in 
controlling GPPmax and GPPint, LUEinc also depends strongly on the amount of light absorbed 
by the canopy, which depends on LAI (Leuning et al., 1995) and to a lesser extent, leaf angle 
distribution and leaf clumping. 
In the first few weeks after transplanting, canopy development was slow, but by the beginning 
of the leaf elongation stage of development (ca. 30 DAT) canopy leaf area in the fertilized 
treatment had clearly accelerated relative to that in unfertilized plots, and this LAI advantage 
was maintained through flowering and grain-filling (Figure 22D). As a result, on any given 
day, fertilized canopies were able to absorb significantly more above-canopy PAR than 
unfertilized plots throughout the leaf elongation, flowering and grain-filling stages. Since 
GPP is strongly influenced by absorbed PAR, seasonal changes in both GPPmax and GPPint 
(Figure 22B) paralleled changes in LAI (Figure 22D), increasing rapidly through the 
elongation phase and then leveling off during flowering and grain-filling. Inasmuch as LUEinc 
is driven primarily by GPPint, it is not surprising that LUEinc differences between fertilization 
treatments also persisted throughout the growing season (Figure 22C). 
Treatment differences in LAI, PAI and light absorption coefficients at two different growth 
stages are apparent in Figure 21 and Figure 27. During elongation (ca. 54 DAT) KL values 
were similar across all treatments, while both LAI and PAI were approximately 50% greater 
in the fertilized plots than in the unfertilized treatment. The percentage of incoming PAR 
absorbed by canopies in each treatment was calculated using Equation 17 and PAI and KL 
values from Table 10, and the unfertilized plots absorbed 44% of incoming PAR, significantly 
less than the normal or high nutrient plots (59% and 55%, respectively). High canopy light 
interception in fertilization group was directly documented by canopy reflectance NDVI 
which exponentially correlates to absorption of PAR by canopy (Figure 21A). Field 
measurement of light interception across three nutrient groups corresponded well to canopy 
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level spectrum reflectance, meaning NDVI could be one powerful biophysical index to reflect 
variation of canopy light interception due to soil nutrient availability. The observed lower 
canopy light interception ratio in the low treatment was actually ascribed primarily to lower 
canopy leaf area. Three weeks later, in the grain-filling stage (ca. 74 DAT), when all canopies 
were further developed, KL values were much larger, and KL in the unfertilized plots was 
comparable to the normal or high nutrient treatments, perhaps reflected in similarities in leaf 
angle distributions (Figure 28B). KL measured during grain-filling stage fell in the range of 
0.2-0.3 for erect canopy and 0.6-0.8 for prostrate canopy in rice (Sheehy and Mitchell, 2013), 
and favorably conformed to reports in two cultivars Nipponbare and Chugoku 117 with 0.24 
and 0.5 at elongation and grain-filling stage, respectively (Saitoh et al., 2002) and 0.4 at end 
of elongation stage (Lee et al., 2006). Research in crops indicates that leaves in the upper part 
of the canopy tend to be more erect, with high leaf inclination angle, while lower positioned 
leaves tend to be displayed more horizontally in order to intercept transmitted light more 
efficiently (Anten et al., 1995). During the measuring seasons, averaged leaf angle 
distributions at each layer were similar among nutrient groups (Figure 28B), which might 
relate to similar light attenuation coefficient (Table 10), since variation in KL value is 
commonly associated with leaf angle (Atwell et al., 1999; Sheehy and Mitchell, 2013). 
Compared to elongation stage, plants during grain-filling had significantly higher LAI, PAI 
and light extinction coefficients and thus absorbed a much higher fraction of incident PAR 
than earlier. Although PAR absorption by fertilized plots (92% and 91% in normal and high 
treatments, respectively) remained higher than in the unfertilized paddies (85%), treatment 
differences had clearly narrowed compared to earlier growth phases. The greatest benefit 
arising from increased nitrogen availability is the burst in productivity early in the elongation 
stage that stimulates rapid canopy development and increasing LAI (Figure 22D). Thus, 
development of aboveground biomass is accelerated in fertilized plots, enabling them to 
maintain their LAI advantage throughout development. This leads to greater PAR absorption 
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in fertilized plots, enhancing both GPPint and LUEinc. Thus, GPPmax increased rapidly between 
DAT 30-60 (Figure 22B) despite the fact that Amax (net assimilation at the leaf scale) and 
LUEabs both were already declining (Figure 23B and Figure 27B), implying that the observed 
increase in GPP is not a result of improved photosynthesis at the leaf level, but rather it is due 
to increased PAR absorption.  
Light use efficiency based on absorbed light by canopy (LUEabs) across three nutrient groups 
were not constant over growing season, with higher level at active tillering phase and 
lowering level going on after that stage. Light use efficiency might not be constant and 
change as crop species develop ( Gimenez et al., 1994; Alberto et al., 2013), with a maximum 
existing during vegetative stage and lower at early and late seasons in crops (Hall et al., 
1995). Our reports favorably compared to theirs. LUEabs of post-anthesis of spikelet 
fluctuated in a range from 0.73 to 1.22 g C MJ-1 and that of elongation growth between 1.52 
and 2.1 g C MJ-1 (Campbell et al., 2001B). Similar seasonal tendency was also reported in 
paddy rice by Inoue et al. (2008). LUEabs of grain-filling plants in our research ranged within 
their reports, while relatively high levels at elongation stage in our research were observed. 
Large fluctuations in seasonal LUEabs in fast-growing rice crop are within our anticipation, 
since crop physiology and resource use strategy change significantly within short time period 
especially growth stage transit from active tillering to elongation and flowering stage (Figure 
22). Variations in GPP (product of LUEabs and intercepted PAR) can not be solely interpreted 
by either LUEabs or intercepted light. Decline in LUEabs partially interpret phenomena of GPP 
saturation at higher LAI that decline of LUEabs might counteract benefits gained from 
increasing canopy light interception.  
In addition to allocating more resources to leaf area development, plants in the fertilized 
treatments also produced a higher percentage of the leaves in the upper layers of the canopy 
during both elongation and grain-filling stages (Figure 27C and D). Recent research reported 
potential enhancement of carbon gain capacity arising from the enlargement of mid-upper 
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canopy leaves in cucumber (Chen et al., 2014). In our study, in all treatments at the elongation 
stage, the canopy layer with the highest amount of leaf area was the 15-cm thick layer 
centered at 37.5 cm height. In the low nutrient treatment, leaf area distribution was 
symmetrical, with approximately 26.9% of leaf area displayed in lower canopy layers, below 
30 cm height, and 27.2% in layers above 45 cm. In fertilized plots, leaf area distribution was 
skewed towards upper layers, with 38.9% above 45 cm and only 15.0% below 30 cm in the 
normal nutrient plots, while in the high fertilization treatment the values were 37.2% and 
23.4% in the upper and lower portions of the canopy, respectively. Later, during grain-filling, 
as canopy height increases, differences were maintained as only 27.4% of leaf area in low N 
plots was found above 60 cm height while 50.2% occurred below 45 cm. Corresponding 
numbers for the normal treatment were 34.7% and 30.4% and for the high fertilization 
treatment, 37.6% and 33.4%. 
Positioning a higher percentage of leaf area in upper layers of the canopy exposes a greater 
amount of leaf area in fertilized plants to full sunlight conditions. This effect can be seen in 
Figure 28C and D, which presents modeling results using the multi-layer light interception 
model of Caldwell et al. (1986) comparing the amount of sunlit leaf area in low and normal 
fertilization plots during grain-filling and examines the effect of vertical leaf distribution. 
Total light absorption by the fertilized canopies was about 7% higher (92% in normal vs. 85% 
in low) but it is clear that far more leaf area is potentially exposed to sunlit conditions in the 
normal fertilization plots. Most of this difference is clearly the result of higher total leaf area, 
but we used the model to investigate the effect of altering the vertical leaf distribution. When 
the sunlit leaf area of the normal fertilization canopy was re-calculated using the vertical leaf 
distribution associated with the low nutrient canopy, the total amount of sunlit leaf area was 
unchanged, but more of the sunlit area was located in the lower canopy layers. When the leaf 
distribution of the normal canopy was used to re-calculate sunlit leaf area in the low 
fertilization canopy, the reverse was true. Depending on the vertical distribution of leaf 
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nitrogen, discussed below, these shifts in the vertical distribution of sunlit leaves could have 
implications for canopy carbon uptake. Since there is a steep gradient in Na (and 
photosynthetic capacity) within rice canopies (Figure 24) the ability of fertilized rice plants to 
display more sunlit leaves in upper canopy layers, where leaves have higher leaf nitrogen and 
photosynthetic capacity, should provide an additional advantage to rice in fertilized paddies. 
Because there is a significant amount of residual nitrogen (i.e., nitrogen allocated to non-
photosynthetic processes, x-intercept in Figure 25A) leaf nitrogen use efficiency (mmol CO2 
g-1 N) increases with increasing Na (Figure 28A) particularly when incident PAR is high, as in 
upper canopy leaves. Similarly, leaf LUE also increases with increasing leaf nitrogen (data 
not shown), providing an additional advantage to displaying more leaf area in upper layers of 
the canopy. The linear correlations found between the percentage of leaf area in the upper 
canopy and both LUEins (Figure 27E), and LUEinc (Figure 27F) supported promising role of 
deployment of leaf area allocation in crop canopies to optimally adjust gross carbon fixation.  
 
4.5.3. Promoted canopy leaf area by fertilization depends on leaf number per bundle 
and relates to nitrogen-facilitated photosynthesis occurring initially 
Differences in the rate of canopy leaf area development appear to be a key component in 
determining treatment differences in GPP and LUEinc. It appears that supplemental nitrogen 
supplied during tillering enhances leaf nitrogen concentrations in early emerging leaves 
(Figure 23A), which manifests itself in higher amounts of photosynthetic enzymes (Figure 
23C) and higher rates of light-saturated photosynthesis (Figure 23B). It appears that the initial 
photosynthetic advantage enjoyed by fertilized plants provides an initial burst of biomass 
production that is allocated to rapid production of new leaves. As shown in Table 2, relatively 
early in the elongation phase (DAT 43), the mean number of leaves per planted bundle (five 
plants) in the normal fertilization treatment (101) is 75% greater than in unfertilized paddies 
(57). This difference is also reflected in the mean leaf biomass per bundle, which was 50% 
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higher in the normally fertilized treatment than in the unfertilized plots, and 60% higher in the 
high nitrogen treatment. A comparative study in the first year of growth of eight perennial 
grasses observed that plants under nutrient-rich habitat had higher SLA (Elberse and 
Berendse, 1993), which increases the above ground LAI significantly (Knops and Reinhart, 
2000). In our study there were no clear differences in leaf SLA among the three nutrient 
treatments (Figure 23A) or in canopy level SLA (not shown). Higher leaf area in fertilized 
paddies therefore mainly resulted from increased leaf numbers per planted bundle (Table 9), 
dramatically promoted by fertilization, rather than treatment differences in leaf thickness or 
morphology. This early advantage in leaf number and canopy leaf area development 
stimulated GPPint and LUEinc (Figure 27A) and allowed the fertilized plots to maintain their 
LAI advantage for the remainder of the growing season, despite having leaf photosynthetic 
characteristics similar to unfertilized paddies.  
Very large gradients of light intensity exist within plant canopies, with light attenuation as 
large as 90% in bottom layers especially in dense canopies (Rosenberg et al., 1983). In our 
study, maximum light attenuation of 92% was observed late in the season, during grain-
filling, in the normal fertilization plots. Research in several crop species has demonstrated 
that light distribution is commonly coupled to nitrogen patterns within canopies (Hirose and 
Werger, 1987), and that nitrogen extinction coefficients are higher under conditions of low N 
supply (Milroy et al., 2001; Moreau et al., 2012). In our study, higher values of KN in the low 
nutrient group at both elongation and grain-filling stages were evident (Table 10), in 
agreement with previous reports. Leaf nitrogen distribution at the grain-filling stage was less 
uniform (i.e., higher KN) than during leaf elongation in all nutrient treatments, which parallels 
seasonal changes in light extinction (KL). Thus, nitrogen allocation patterns as the canopy 
developed reflected increasing light gradients.   
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4.6. Conclusions 
Sustainable rice production system is treated as capable of producing high yield production 
with less nitrogen and water resource consumption and minimized impacts on environment 
sustainability. A sustainable rice production system is currently challenging by critical global 
environmental problems caused by surplus fertilizer application and greenhouse gas emission. 
Harvest high biomass production from this fast-growing crop coincident with environmental 
protection needs a priori establishment of fundamental knowledge with respect to plant 
growth, regulation and adaption to anthropogenic intervention. Biomass accumulation by 
plant is a direct result of photosynthesis which could be stimulated by soil nitrogen addition. 
Disentangling ecophysiological mechanisms influencing regulations of rice plant growth and 
carbon fluxes is still open area need to fill in. In this research, we attempt to understand 
ecophysiological traits that relate to plant efficient carbon gain, and to determine important 
factors need to be concerned in sustainable rice production system.  
During active tillering stage, fertilization manipulations enhanced leaf N content and 
consequently contributed to higher photosynthesis rates, presumably due to significantly 
higher rate-limiting photosynthetic proteins. An important consequence of greater 
assimilation rates was the more rapid production of new leaves, resulting in higher leaf 
number per planted bundle and head start in canopy area size which is a promising resource 
use strategy to maximize canopy light interception and thereby plant carbon gain capacity and 
biomass accumulation. Rapid increase in GPP dismissed and approached saturation when 
canopy was closing intensively, even though more light could be intercepted. DPP saturation 
at higher LAI could be partially explained by continuous decline of light use efficiency after 
active tillering stage. Whereas, allocate more leaves at upper part of canopy is seeming to be 
promising growth strategy to enhance carbon gain, since more leaves are exposed to full 
sunlight environment and those leaves assemble more nitrogen concentration with lowering 
CO2 diffusion resistance. We suggest that basic knowledge of coordinated adjustments 
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between structure and leaf physiology should be in concert in sustainable rice production 
system. 
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4.8. Appendices 
Appendix A. Chloroplast CO2 compensation point 
CO2 response curves at different measuring light intensities (PAR of 500, 200 and 100 µmol 
m-2 s-1) and at leaf temperature of 30°C at tillering and grain-filling stage were obtained using 
growth chamber acclimated plants. CO2 curves were commenced after leaves had acclimated 
to the cuvette microenvironment (CO2 400 µmol mol-1 and measuring PAR 1500 µmol m−2 
s−1) after which CO2 concentration was changed progressively in the sequence 400, 200, 150, 
100 to 50 µmol mol−1. Relative humidity was controlled to ca. 60%. Assimilation rate and 
stomatal conductance data were recorded after new steady-state readings were obtained. At 
least three replicate CO2 curves were obtained. Chlorophyll fluorescence was measured 
simultaneously. Fully expanded leaves in different age classes, distinguished by distinct 
differences in photosynthetic capacity, were selected for study. Leaf physiology was not 
altered by the experimental manipulations at different CO2 concentrations as indicated by 
complete recovery afterward to the initial Amax at 400. Leaves adjacent to those used for CO2 
curve measurements were then enclosed in the leaf cuvette at O2 concentration of ca. 1% 
provided by an external gas cylinder (99% N2) in stable flow rate identical to working 
frequency of pump of Walz GFS-3000 system, and CO2 response determinations were 
repeated. Chloroplast CO2 compensation point was defined as the intercellular CO2 
concentration where downward extension of linear phase of each photosynthesis-CO2 
response curve cross-transit (Figure 29B).   
 
Appendix B. Estimation of linear electron transport rate (Jp) 
While measuring gas exchange, chlorophyll fluorescence was simultaneously assessed with a 
Walz PAM-Fluorometer 3050-F to monitor dynamics of the quantum yield of photosystem II 
(ΦPSII) in response to varying CO2 concentrations. Only those fluorescence data exhibiting a 
clear saturation plateau after application of a saturating actinic pulse were considered in the 
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calculations described below. The electron transport rate (ETR) passing through photosystem 
II (JF) was calculated using the equation of Genty et al. (1989), 
  QJ PSIIF ⋅⋅⋅Φ= βα ,     Equation 23 
where Q is incident PAR, α is leaf absorptance (0.84 for rice adopted here from Agarie et al. 
(1996), and β is the fraction of excitation energy absorbed by PS II. 
 
Partitioning JF into component JP with flow through PS II and I to support Rubisco 
carboxylation and oxygenation and an alternative component, JA, which supports electron 
consumption by O2-dependent acceptors (i.e., the Mehler reaction, nitrite reduction, and 
oxaloacetate reduction) and O2-independent acceptors (i.e., cyclic electron transport around 
PS II) is physiologically meaningful under saturating light in cereals (Loreto et al., 1994). The 
electron transport rate calculated from chlorophyll fluorescence measurements, JF, is the sum 
of JP plus JA. The component JP which is required to calculate mesophyll conductance of the 
leaf can be expressed as: 
( )1p F FJ J b= ⋅ − ,        Equation 24 
where bF is the ratio of JA to JF. Rearranging,  
bF = 1 – Jp/JF,        Equation 25 
The value of bF is assumed to be constant in unstressed plants at normal atmospheric CO2 and 
21% or lower O2. The value of bF, and therefore the value for Jp, can be obtained in the 
following manner. Equation 23 can be re-expressed as follows: 
2F COJ Qσ α β= ⋅Φ ⋅ ⋅ ⋅ ,       Equation 26 
Where σ is the ratio of ΦPSII to ΦCO2, the efficiency of CO2 fixation, ΦCO2 is defined as G/Q 
where G, gross photosynthesis. Substituting for ΦCO2, 
FJ Gσ β= ⋅ ⋅ ,         Equation 27 
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Assuming a conservative value for the number of electrons required for NADPH synthesis 
and the amount of NADPH required for regeneration of one molecule of ribulose-1,5-
bisphosphate (RuBP), i.e., 4 electrons consumed for one molecule of CO2 fixed in the absence 
of photorespiration, JP=4G. Substituting this value for JP and the value for JF from Equation 
27 into Equation 25,  
( )βσβσ ⋅−=⋅⋅−=−= /41)/(41/1 GGJJb FPf ,   Equation 28 
We estimated the value of σ by calculating ΦPSII and ΦCO2 over a range of varying ambient 
CO2 concentrations and light intensities under low O2 (to infer the alternative electron 
transport rate, ETR, occurring under normal atmosphere conditions) and then plotting them 
against one another (Figure 29A). The slope of the relationship, i.e., σ was found to be 8.5, 
which fell in the range reported in the herbaceous under relatively high light and normal air 
conditions (Flexas et al., 2007; Genty et al., 1989; Laisk and Loreto, 1996; Loreto et al., 
1994) and parallel with the average (slope of black line) (Figure 29A). The fraction of 
absorbed light used by PS II, β, varies between 0.45 and 0.6 in herbaceous and tree species 
(Laisk and Loreto, 1996), and similar values between 0.39 and 0.51 have been reported for 
several C3 species (Flexas, 2007). We assume that the absorbed radiation is equally 
distributed between PS I and PS II, i.e., β = 0.5. With σ = 8.5 and β = 0.5, the value of bF for 
our data is 0.06, meaning that JA is only a few percent of JP to compensate variations in the 
NADPH synthesis as compare to the linear flow. 
 184 
 
Figure 29: (A) Relationship between quantum yield of PS II and efficiency of CO2 fixation under varying 
ambient CO2 concentration and light intensity with O2 approximately 1% in rice (open circle) and other 
herbaceous (black circle). (B) CO2 response curves at measuring light intensities of 500, 200, 100 µmol m-2 
s-1 and leaf temperature 30oC during tillering (filled symbols) and grain-filling stage (open symbols). n = 5 
to 6. Linear fits to each data set were made to estimate the Ci value at which response curves intersect, 
indicative of G* of 44.4 ± 1.3 µmol mol-1.  
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